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Editorial on the Research Topic
 Current Analytical Trends in Drug Testing in Clinical and Forensic Toxicology



The articles included in this collection cover novel analytical approaches, including chromatographic and spectrometric methods, and sample preparation techniques for the investigation and analysis of several classes of compounds. These compounds include novel psychoactive substances (NPS) as well as other drugs and substances within the scope of clinical and forensic toxicology, and other fields, such as doping control.

Current trends in bioanalysis require the constant development of novel analytical tools, which includes efficient sample collection procedures and adequate sample preparation protocols in order to maximize compound detection, even at trace levels. Taking into account that the number of substances possibly present in a sample are increasing, efficient multi-analyte methods are usually necessary. The detection of NPS, including synthetic cathinones and synthetic cannabinoids, is becoming more and more important as several reports of acute intoxications and deaths are often being issued. Therefore, developing new analytical methods and strategies help scientists efficiently face those challenges, allowing laboratories to be one-step ahead.

In this topic collection, four publications focus on the investigation of different critical aspects of NPS. These studies provide new tools for the identification of new NPS derivatives and metabolites (Frison et al.; Lopes et al.), investigate the stability of synthetic cathinones in biological samples and storage solvents (Ciallella et al.) or explore the detectability of synthetic cannabinoids in hair samples (Shi et al.).  Frison et al. described the analytical characterization, following two non-fatal intoxication cases, of 3-methylmethcathinone (3-MMC) and 3-methoxyphencyclidine (3-MeO-PCP) in seized products, and the investigation of 3-MeO-PCP and metabolites in biological samples. Three different analytical approaches were employed to identify 3-MMC and 3-MeO-PCP in seized materials, including gas chromatography-mass spectrometry (GC-MS) with electron impact ionization, liquid chromatography-high-resolution accurate-mass Orbitrap mass spectrometry (LC-HRAM-Orbitrap-MS), and solid deposition gas chromatography-Fourier transform infrared spectroscopy (sd-GC-FTIR). The role of the two latter techniques in attaining full structural characterization of the psychoactive drugs and related metabolites, in both non-biological and biological samples, was highlighted. The novelty of Frison et al. work lies in this aspect of the employment of LC-HRAM-Orbitrap-MS and sd-GC-FTIR instrumentation to identify and characterize new psychoactive substances in the absence of reference standards in different types of samples. Lopes et al. also employed high resolution mass spectrometry (HRMS) for the identification of new metabolites of synthetic cathinones. In particular, they identified the phase I and II metabolites of 4'-methyl-N,N-dimethylcathinone (4-MDMC), 4'-methyl-N,N-diethylcathinone (4-MDEC), 4'-chloro-α-pyrrolidinovalerophenone (4Cl-PVP) and 4'-chloroethylcathinone (4-CEC). The metabolites herein identified are expected to play an important role not only because they act as potential selective biomarkers of the intake of the studied synthetic cathinones, but also because their potential adverse effects may be better understood. In addition, those causative agents may be linked to toxicities, thereby helping understanding and treating non-fatal intoxications. This study highlights the critical role of high resolution mass spectrometry in the investigation of the toxicity of NPS.  Ciallella et al. studied the stability of four Schedule I synthetic cathinones, namely mephedrone, naphyrone, MDPV, and α-PVP. Indeed, stability is a critical parameter for toxicology laboratories. Understanding the variability in the analyte concentrations due to stability issues has an impact in the subsequent interpretation of concentration data derived from biological sample analysis. In this research, Ciallella et al. were able to analyze these cathinone derivatives employing solid phase extraction of blood and urine samples, and analyzing the compounds by GC-MS. The results of this study provided a comprehensive overview of the stability of these compounds in biological matrices over an extended period, including the evaluation of an alternative preservative and the inclusion of solvent-based working solutions. Shi et al. developed and validated a novel target analytical method for the determination of the synthetic cannabinoid 5F-MDMB-PICA and five metabolites in hair samples by liquid chromatography-tandem mass spectrometry (LC-MSMS). This new synthetic cannabinoid has been used in the form of “spice-like” herbal incenses or in electronic cigarette oil, and this study provides critical data for the interpretation of hair testing for this type of substances. The sensitivity of LC-MSMS allowed the authors of this study to achieve limits of detection at low pg/mg level in hair.

This topic collection also covers new challenges and strategies of analytical methods. Jurásek et al. investigated the potential of X-ray powder diffraction (XRPD) for rapid and simple identification of drugs of abuse in seized material. In this work, the authors proved that XRPD could be used to unambiguously identify 7 selected psychoactive substances (including 5 NPS) in different street sample mixtures, and proposed this technique as a complement to Infrared and Raman spectroscopies, the most common techniques used for this purpose, when unequivocal drug identification with these techniques is hindered by drug or additives native fluorescence or matrix complexity. Joye, Widmer et al. used matrix-assisted laser desorption/ionization (MALDI) high-resolution mass spectrometric (HRMS) technologies, which have been used to analyze the samples seized in the black market. The authors highlight the potential of MALDI-HRMS as high-throughput analytical strategy in toxicology laboratories, which significantly accelerates the detection and quantification of several drugs of abuse. The developed approach showed qualitative and quantitative results comparable to those obtained using LC-MS and GC-MS, reducing the analytical procedure by six times. With the development of bioinformatics tools and shared online libraries, new drugs of abuse that appear in the markets are easily identified and determined. In a second manuscript, Joye, Rocher et al. also used liquid chromatography hyphenated with Orbitrap high-resolution mass spectrometry with parallel reaction monitoring (PRM) for the quantification of the major classes of psychoactive substances present in the context of driving under the influence of drugs (DUID), such as cannabinoids, cocaine and its metabolites, amphetamines, opiates and opioids, and the major benzodiazepines and z-drugs, achieving the required sensitivity for DUID cases using a sample amount as low as 0.1 mL of whole blood. In addition to high resolution, Orbitrap-based PRM acquires all the selected precursor ions, avoiding a priori knowledge of the fragments of interest for method development, which represents an advantage over classical multiple reaction monitoring (MRM).  Habib et al. reviewed the strategies for chemical analysis of drugs of abuse and explosives, using mass spectrometry-based approaches. Several new ionization sources were revisited and the mechanisms of ion formation following their use were addressed for illicit drugs and explosives. The authors concluded presenting the main challenges that the future holds regarding the analysis of non-volatile compounds in what concerns ionization procedures.

Greener sample preparation techniques, like hollow fiber liquid-phase microextraction, are also presented in this collection, namely by de Oliveira Silveira et al., to determine the main markers of Ayahuasca consumption in urine specimens. This alternative and eco-friendly sample preparation approach was fully validated, showing excellent limits of detection and quantification (1-5 ng/mL), reproducibility, reduced matrix effect interferences, and outstanding recoveries (above 80%).

Finally, new approaches to determine drug use via wastewater analysis were reviewed by Zilles Hahn et al. The authors addressed new insights about wastewater-based epidemiology (WBE) as a useful tool to detect in real time illicit drug use by a population. Also, the most important biomarkers of drugs of abuse consumption in wastewater and the fundamentals of polar organic chemical integrative sampling (POCIS) in WBE were discussed and compared with other strategies.

In summary, this collection covers Research Topics representative of the recent trends and advances in drug testing and new compound identification in biological specimens, with focus on the development of novel analytical approaches, new chromatographic and spectrometric techniques, and sample preparation procedures, including miniaturized and environmentally friendly methodologies.
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New psychoactive substances (NPSs) are associated with a significant number of intoxications. With the number of readily available forms of these drugs rising every year, there are even risks for the general public. Consequently, there is a high demand for methods sufficiently sensitive to detect NPSs in samples found at the crime scene. Infrared (IR) and Raman spectroscopies are commonly used for such detection, but they have limitations; for example, fluorescence in Raman can overlay the signal and when the sample is a mixture sometimes neither Raman nor IR is able to identify the compounds. Here, we investigate the potential of X-ray powder diffraction (XRPD) to analyse samples seized on the black market. A series of psychoactive substances (heroin, cocaine, mephedrone, ephylone, butylone, JWH-073, and naphyrone) was measured. Comparison of their diffraction patterns with those of the respective standards showed that XRPD was able to identify each of the substances. The same samples were analyzed using IR and Raman, which in both cases were not able to detect the compounds in all of the samples. These results suggest that XRPD could be a valuable addition to the range of forensic tools used to detect these compounds in illicit drug samples.

Keywords: new psychoactive substances, X-ray powder diffraction, drug detection, infrared spectroscopy, Raman spectroscopy


INTRODUCTION

The pharmacophore is the part of the chemical structure that is responsible for the biological effect of the substance. Thus, if the structure of a chemical entity is modified without affecting the pharmacophore, this substance will very likely retain the biological effects of the starting compound. These findings are widely used in drug design; however, the pharmacophore theory has also begun to be used in the illicit drug scene over the last decade. If the structure of an illicit drug is modified while retaining its pharmacophore, the newly prepared entity will not be covered by the current legislation, while its effects will very likely be similar to the already banned unaltered substance. These substances [called new psychoactive substances (NPSs) or designer drugs] are being monitored by the European Monitoring Centre for Drugs and Drug Addiction (EMCDDA). The latest EMCDDA annual drug market report mentions about 730 different NPSs. Although the annual growth of these substances has decreased over the last 2 years (about 1 new substance per week), according to the latest EMCDDA report there are ~400 NPSs appearing on the market regardless of any regulations (European Monitoring Centre for Drugs Drug Addiction, 2018; European Monitoring Centre for Drugs Drug Addiction Europol, 2019). The increase of both substances that are completely new on the market and those that occur on the market regardless of any legal regulations already exerts considerable pressure on the analytical teams monitoring these compounds. Moreover, psychoactive substances are often sold as blends, which complicates their detection further. Hence, there is a significant demand for the development of easy, fast and reliable field detection methods for psychoactive substances (European Monitoring Centre for Drugs Drug Addiction, 2018; European Monitoring Centre for Drugs Drug Addiction Europol, 2019).

United Nations Office on Drugs and Crime (UNODC) has published (UNODC - United Nations Office on Drugs Crime, 2013) a study that has gathered data on the methods used for the identification of NPSs from 60 countries (Popovic et al., 2019). According to the respondents, the mostly used group of methods belong to the chemical analysis techniques [i.e., gas chromatography—mass spectrometry (GC-MS), liquid chromatography—mass spectrometry (LC-MS), high performance liquid chromatography (HPLC), vibrational spectroscopies—Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy, and nuclear magnetic resonance (NMR)]. While GC and LC enable separation of the analytes and thus may provide both qualitative and quantitative analysis, NMR is especially valuable due to its potential to elucidate unknown structures in the samples. However, all of these instrumentations have to be used wisely, with regard to their individual strengths and limitations (complex mixtures renders the NMR and FTIR spectra too complex, while isomers may complicate the use of GC-MS or LC-MS techniques; UNODC - United Nations Office on Drugs Crime, 2013).

The choice of analytical instrumentation is often limited by the type of the sample. Biological samples such as blood (Mercieca et al., 2018), hair (Kyriakou et al., 2017; Salomone et al., 2017; Fabresse et al., 2019), or urine (Meyer et al., 2016; Vikingsson et al., 2017; Mercieca et al., 2018) are a relatively complex matrix for analysis. Therefore, considerable effort has been invested into development of separation methods coupled with mass detection, which are, together with immunochemical methods (Cannaert et al., 2018; Maryška et al., 2018), currently the main techniques for NPS identification in biological matrices. Furthermore, the sensitivity of current techniques and the knowledge of psychoactive substance metabolisms (Vikingsson et al., 2015, 2017; Šícho et al., 2019) allow their detection also in local wastewater (González-Mariño et al., 2013; Rosi-Marshall et al., 2015; Croft et al., 2020) (e.g., festivals, prisons) and thus offer valuable data on the prevalence (Mastroianni et al., 2016; Croft et al., 2020) of individual substances in society.

Substances of certain groups (e.g., cannabinoids) are often distributed to the end user applied on another medium, such as dried herbal leaves (Ciolino, 2015; Namera et al., 2015) (e.g., damiana) or on paper and, as such, smuggled into prisons in letters or books (Metternich et al., 2019; Hvozdovich et al., 2020). Although after appropriate sample treatment a wide selection of techniques can be used for the analysis, LC-MS seems to be the most prevalent one (UNODC - United Nations Office on Drugs Crime, 2013). Mass spectrometry seems to be also used to analyse seized psychoactive substances in its powder form even though such samples can be analyzed by any of the aforementioned methods. Although a tandem of separation technique with a mass detector appears to be the universal method (Pasin et al., 2017), it requires an experienced operator for its use and maintenance, on top of the often required standards. This renders the analyses expensive (Pasin et al., 2017). Therefore, from the perspective of price efficiency, there is still a significant demand for less resource intensive yet reliable analytical alternatives.

Infrared (IR) and Raman spectroscopies belong to the other most common choices for the analysis of solid illicit street drug samples as they generally enable a fast and relatively cheap analysis (Stewart et al., 2012; Jones et al., 2016; Maheux et al., 2016; Apirakkan et al., 2018; Pereira et al., 2018). Their application does not demand a complicated sample preparation and commercially available portable spectrometers offer the possibility of in situ measurements (Correia et al., 2018; Yu et al., 2018). However, these methods also have some limitations. In case of Raman spectroscopy, a high level of fluorescence caused either by an active substance or by an additive may complicate the interpretation of the spectra. Furthermore, in the case of complex mixtures (e.g., heroin street samples generally do not contain more than 30% of the active substance) (Fabresse et al., 2019), the interpretation of the IR and Raman spectra may be very difficult due to interfering bands of various adulterants.

Hence, we investigated the potential of X-ray powder diffraction (XRPD) in the analysis of solid samples seized on the black market. XRPD, a widely used analytical technique in the pharmaceutical industry, has been used in several forensic cases involving analyses of soils (Kotrlý, 2006), where it offered fruitful results for the investigation, so it is an already established analytical technique in forensic sciences (Thatcher and Briner, 1986). Although it has a relatively wide possibilities of its use in forensics, including analyses of explosives (Thatcher and Briner, 1986; Kotrlý, 2006), fibers (Thatcher and Briner, 1986) or illicit drugs including some of the cutting agents (Folen, 1975; Thatcher and Briner, 1986), its use has been rather neglected in this field. Moreover, the situation in the field of psychoactive substances has changed dramatically with the NPSs entering the drug market in recent years. XRPD represents a simple, non-destructive technique enabling the reliable identification of either pure solid substances or their street sample mixtures. Moreover, it might also be able to distinguish inorganic compounds (e.g., gypsum) that might be often life threatening when injected. XRPD may serve as a suitable complementary method to vibrational spectroscopy for the analysis of various seized street drug samples that may especially help in cases where fluorescence or the varied composition of the analyzed samples hinder the routine identification by Raman or IR spectroscopies. However, the scope of XRPD is limited solely to use on solid samples. In our previous work we have shown on a series of cathinones that this method can not only distinguish between structurally similar NPSs, but that it can also identify substances in mixtures (Jurásek et al., 2019). In this work, we analyzed cocaine, heroin, and 5 NPS street samples with their respective standards by XRPD and the results were compared with the commonly used IR and Raman spectroscopy measurements.



EXPERIMENTAL SECTION


Analyzed Samples

The origin and specifications of all the analyzed samples are given in Table 1. The real samples, which were collected with standard ethical procedure, were provided as a part of the seizures performed by the Police of the Czech Republic, while the standards (purity of all the used standards were higher than 98%) were acquired from different sources (Table 1). Samples 5F-ADB I. and II. were provided as a part of seizures performed by the Police of the Czech Republic, while the samples 5F-ADB IV., V., and VI. were obtained from a commercial vendor in the framework of a darknet study. Sample 5F-ADB III. was prepared in house.


Table 1. Overview of the tested samples and standards.

[image: Table 1]



X-Ray Powder Diffraction

The sample crystals were crushed with a microscope slide on a silicon pod (see Supplementary Figure 1) and, thus, a narrow surface was created. For the remeasurement, JWH-073 samples were ground extensively in the agate mortar to show the differences in relative intensities.

The XRPD data were collected with a Bruker 2nd generation D2 Phaser powder diffractometer (Bruker AXS, Germany) at room temperature with parafocusing Bragg-Brentano geometry using CuKα radiation (λ = 1.5418 Å, U = 30 kV, I = 10 mA). The data were scanned with an ultrafast LYNXEYE XE detector over the angular range of 5 to 60 °2θ with a step size of 0.019 °2θ and a counting time of 1 s per step. The software HIGHSCORE PLUS 3.0e (PANalytical, Almelo, Netherlands) was employed to fit the background using a polynomial method, to smooth the data and to eliminate the Kα2 component. The top of the smoothed peaks was used to determine the peak positions and intensities. Determination of peak positions was made by an in-build algorithm in the HIGHSCORE PLUS 3.0e. Thus, processed diffraction patterns were subjected to the pattern searching procedure within PDF4+ database via the HighScore software.

To compare similarity of XRPD diffractograms quantitatively, a cross-correlation score was used. To accentuate peaks and attenuate background noise and minor pollutant effects, we pre-prepare the normalized patterns by squaring them (Equations 1, 2) and only then calculating their cross-correlation (Equations 3, 4). With f'(θ) as the normalized XRPD diffractogram of a known standard and g'(θ) as the normalized XRPD diffractogram of a measured sample, we calculate a cross-correlation score CCSfg as defined below(Equation 5):
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A discrete calculation method for CCSfg, directly using ASC files, was implemented as a Python script (available at https://github.com/dehaenw/cross-correlation).



Optical Microscopy

Crystal shapes were visualized by confocal microscope Olympus Lext OLS 3100 without any additional image processing.



Infrared and Raman Spectroscopy

The IR spectra of the standards and real samples were measured on a FT-IR Nicolet iS50 spectrometer (Thermo Scientific, USA) with a Tungsten-halogen MIR radiation source, KBr beam splitter and DLaTGS detector. All the samples were in the form of a powder and they were analyzed by the ATR technique with a diamond crystal. The spectra were recorded in a spectral region of 4,000–400 cm−1 with a resolution of 4 cm−1 and they are presented as an average of 256 scans. The spectral background was collected before every sample measurement.

The Raman spectra were acquired on a DXR SmartRaman spectrometer (Thermo Scientific, USA) equipped with two lasers (excitation wavelengths 532 and 780 nm). In the case of the 532 nm laser, a diffraction grid comprised of 900 lines per mm, a laser power of 5 mW and 10 accumulations each of 10 s exposure time were used. A diffraction grid with 400 lines per mm, a laser power of 65 mW and 10 accumulations each of 10 s exposure time were used for the measurements with the 780 nm laser. The spectra were recorded in a spectral region of 400–3,000 cm−1 with a resolution of 2.4–4.4 cm−1 and all the samples were analyzed in glass vials. The spectra were processed with the correction of fluorescence (6th order polynomial).




RESULTS AND DISCUSSION


X-Ray Powder Diffraction

We have demonstrated in our previous work (Jurásek et al., 2019) that XRPD can effectively distinguish between particular chemical entities even with similar chemical structures, which is essential in the forensic analysis of NPSs. However, most of the tested standards were prepared in our laboratory and the results were not extensively compared with authentic samples that might occur on the drug market (Jurásek et al., 2019). Therefore, in the current study, we analyzed 7 samples of psychoactive substances (cocaine, heroin, and 5 NPSs) that were seized on the black market and the acquired results were compared with the diffraction patterns of the respective standards (Figure 1).


[image: Figure 1]
FIGURE 1. Diffraction patterns of heroin, cocaine, mephedrone, ephylone, butylone, JWH-073, and naphyrone samples. The red line marks the seized samples and the black marks the standards.


PDF4+ is a commercially available database that contains more than 410 000 diffraction patterns. Although this database does not contain most NPSs, this database contains diffraction patterns of heroin and cocaine. Such a big amount of patterns in this database made us wonder if it would be possible to use it for identification of street samples of heroin and cocaine. The results were quite impressive, as we were able to identify both cocaine and heroin in street mixtures (see non-modified search data in the Supplementary Data) using this commercial database. However, we were unable to assign the cutting agents, as this database mostly does not contain their respective patterns. Because there is no suitable database of illicit substances yet, street samples of NPSs were just compared with the diffraction patterns of their respective standards.

JWH-073 was identified by XRPD (Figure 1) in one of the seized materials despite the observation that relative intensities in the diffraction pattern differed considerably. The most intensive peak of the standard sample was 15.1 °2θ whereas in the seized sample it was 21.5 °2θ. However, these differences in the relative intensities might be caused by different crystal shapes. To confirm that the standard and seized sample had different crystal shapes, they were subjected to a visual analysis by the optical confocal microscope (Figure 2). The crystal proportions of the seized sample were approximately the same in all three dimensions, but the standard formed needle-like shapes and so one dimension was significantly larger than the other two. This was presumably caused either by the type of crystallization or the synthetic process of the respective samples (Morris et al., 2000). Therefore, to reduce the differences in relative intensities both JWH-073 sample and the respective standard were extensively ground in an agate mortar and remeasured with the same setting of the goniometer (see Figure 3). The differences in the signal intensities did not have any effect regarding the identification of the compound in the seized sample as the peak positions did not change. The sample was successfully identified according to the peak positions and no other peaks were observed suggesting a high purity of the JWH-073 in the seized material.


[image: Figure 2]
FIGURE 2. Confocal microscopy visualizations of JWH-073 standard (A,B—closer detail) and seized sample (C,D—closer detail).



[image: Figure 3]
FIGURE 3. Diffraction patterns of JWH-073 sample and the respective standard remeasured after grinding in the agate mortar.


Mephedrone, ephylone, naphyrone, and butylone were successfully identified in the seized material by comparison of the seized samples and respective standard diffraction patterns. Although the relative intensities of some peaks differed slightly in both samples, which was presumably caused again by different crystal shapes, there were no other peaks at different positions suggesting that the seized materials were of high purity.

Although cocaine and heroin do not belong to the NPSs, the prevalence of these compounds on the drug market is high and therefore we have included these “classic” street drugs in the examination test of XRPD in a similar manner as in the case of the NPSs. Since cocaine and heroin have been already measured and their diffractograms were included in the database of PDFs (powder diffraction file), database cards were used for the identification instead of using the respective standards.

This approach was chosen mainly to prove that the samples could be identified without the need of a standard only by using a suitable database. The seized sample of heroin was successfully identified as diacetylmorphine with card PDF 00-033-1635 when most of the peaks belonged to the drug. The relatively intensive peaks 11.5 and 11.8 °2θ might be attributed to possible diluting agents (e.g., caffeine, PDF 00-049-2058). However, the aim of this study was to prove that XRPD can be used for drug identification and therefore, these impurities were not further investigated. Cocaine was identified by XRPD in the last seized sample. All of the major peaks were attributed to cocaine hydrochloride (PDF 00-030-1629) with the exception of the less intensive peak 10.7 °2θ and a few minor peaks, which might be attributed to specific adulterants in the future.



Comparison With Vibrational Spectroscopy Measurements

To compare the efficiency of XRPD with other non-destructive methods that are often used in forensic practice, all of the samples and standards were measured by the IR and Raman spectroscopies. The differences of the results provided by these methods have been highlighted.

The Raman spectroscopy suffered from the high fluorescence level with the use of the 532 nm excitation wavelength, where only measurements of the real sample of JWH-073 provided an interpretable spectrum. After the application of the 780 nm excitation wavelength, the fluorescence level decreased in most cases and the active substances were identified by a simple comparison with the spectra of the corresponding standards (Figure 4 and Supplementary Data). However, the high level of fluorescence made the analysis of the naphyrone street sample impossible (Supplementary Data) and the high amount of the adulterants in the heroin sample did not allow a reliable identification of the active substance (Figure 4).


[image: Figure 4]
FIGURE 4. Raman spectra of ephylone, naphyrone, and heroin. The red line marks the seized samples and the black marks the standards.


The IR spectroscopy performed slightly better, as it allowed the reliable identification of 6 of the 7 analyzed samples (Figure 5 and Supplementary Data), but the identification of the active substance in the heroin street sample was not possible due to the presence of many interfering bands. Both IR and Raman spectroscopies can offer spectra within several minutes, whereas XRPD instrumentation is usually more time demanding (about 15–20 min). All the measured data can be found in the Supplementary Data.


[image: Figure 5]
FIGURE 5. IR spectra of ephylone, naphyrone, and heroin. The red line marks the seized samples and the black marks the standards.


Vibrational spectroscopy proved to be a powerful tool in the analysis of illicit drug samples as was expected. However, in the case of the heroin sample, both methods struggled in the identification of the active substance. On the other hand, heroin was easily identified by XRPD, we thus believe that its potential in the forensic practice is promising.

Although differences in relative intensities in the XRPD patterns may seem to complicate the identification of unknown substances, on the contrary, in some cases, it might further provide valuable data about the analyte (e.g., differences between the production procedures). To demonstrate this ability, six different samples of the 5F-ADB, which were obtained during our NPS survey in the Czech Republic, were analyzed and compared with the standard. The same peak positions in the diffraction patterns enabled the identification of the 5F-ADB in the samples. Two of the samples offered diffraction patterns with not only the same peak position but the relative intensities corresponded as well. The other samples exhibited differences in relative intensities (see Figure 6).


[image: Figure 6]
FIGURE 6. Diffraction patterns of 5F-ADB samples. The color lines marks the seized samples and the black marks the standards.


This difference in relative intensities makes qualitative estimation of similarity by visual comparing and simple pattern subtracting suggestive but tricky and non-trivial. As a quantitative similarity approach, we proposed a cross-correlation score. This showed that the XRPD patterns of all seven different samples of 5F-ADB have a much higher score than the diffractograms of other, unrelated compounds (see Figure 7).


[image: Figure 7]
FIGURE 7. A cross-correlation score for the quantitative comparison of XRPD diffractograms.


This suggests that peak positions are essential for the substance identification, whereas an exact match of the relative intensities is not needed, as is a well-known property of XRPD patterns (Pecharsky and Zavalij, 2009). A match of the relative intensities occur when the shape of the crystals and partly their size correspond. Interestingly, we observed a similar relative intensity pattern for sample V. and VI., which could be possibly attributed to their shared origin. If so, such information may be useful for investigators as samples with the same relative intensities could either be from the same source or possibly even from the same batch. Yet, drawing such conclusions based on the agreement of relative intensities may be unreliable, therefore the use of LC-MS remains the only reliable and generally powerful method for this purpose. In case a reliable correlation could be found generally, XRPD may be useful as a pre-screening method for this purpose. Notably, significant grinding of the samples undoubtedly affects the relative intensity pattern of the measured samples (see Figure 3), which unfortunately further complicates the option to compare “similarity of the samples” in a straightforward manner.

Nevertheless, it is essential to note that if it is not possible to assign all the signals in the diffraction pattern, then further analyses may be required. However, after creating a robust database of diffraction patterns of NPSs and cutting agents, such database would enable the identification of not only the main compound but also help with assigning all of the other signals in the pattern to other compounds.




CONCLUSIONS

Seized samples of heroin, cocaine and 5 NPSs (mephedrone, ephylone, butylone, JWH-073, and 2-naphyrone) were analyzed by XRPD, IR, and Raman spectroscopies and compared to the standards of the respective substances. We have shown that XRPD detected all of the analyzed NPSs, as well as providing a reliable identification of the “traditional” drugs cocaine and heroin. In the latter case, the methods of vibrational spectroscopy struggled with the identification of the active substance, while XRPD provided a convincing result, which documents its promising potential in the field of the forensic practice. This instrumentation is not omnipotent, (nor are any other instrumentation currently being used in forensics). However, further combination of XRPD with vibrational spectroscopic methods can effectively eliminate the shortcomings of each of the methods and thus increase the overall reliability of the analysis. Moreover, we believe that in the future, when an appropriate database becomes available, this technique will have the potential to become a strong forensic tool.
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Illicit drugs are a global health problem, since both their acute and chronic consumption have negative impacts on the drug user's health. Drug checking facilities are receiving growing interest as they allow drug users to chemically analyze their product prior to consumption to assess the presence of adulterants or other non-expected substances. Such harm reduction programs allow the reduction of the risks associated with drug consumption without encouraging it. In particular, the emergence of new psychoactive substances (NPS) emphasizes the risk for the population increasing the diversity and the lability of illicit drugs on the market. Analytical developments are required to catch up with this rapid evolution and reduce the potential harm caused by such consumption. In this study, we developed a matrix-assisted laser desorption/ionization (MALDI) high-resolution mass spectrometry (HRMS) strategy for the high-throughput qualitative and quantitative analysis of drug checking samples. The use of online-based m/z cloud library for untargeted compound search improved the ability to identify unknown compounds. Sixty-seven drug checking samples were analyzed using this analytical strategy, allowing the detection of 10 designer drugs and several classical drugs of abuse (mainly cocaine and MDMA) as well as adulterants and contaminants. The results were then compared with routine analyses of the same samples using conventional approaches showing similar performance while removing the use of chromatographic separation thus resulting in a significant reduction of the time required for sample preparation and analysis. This study enlightens the potential of MALDI-HRMS as a high-throughput approach allowing to speed-up up to six times the identification and quantification of substances enabling to catch the fast changes on the drug of abuse market. This strategy could be an interesting alternative analytical approach, allowing better prevention and harm reduction for drug users.

Keywords: MALDI, drug checking, qualitative, quantitative, HRMS, high throughput


INTRODUCTION

The use of recreational drugs is widespread worldwide, and both the number of users and the diversity of substances are increasing. In Europe, for instance, almost 25% of adults reported at least one illicit drug consumption in their life (Liakoni et al., 2018). In Australia, the situation is more concerning, indeed, in 2016, more than 40% of the population over 14 years old reported a drug use during their lifetimes and more than 15% during the month preceding the survey (Day et al., 2018). Illicit drugs are a global public health issue, since both their acute and chronic consumption have pernicious impacts on the consumer's health (Crowley et al., 2017; Joye et al., 2017; Vearrier, 2019). For instance, it is estimated that almost 10,000 overdose deaths occurred in Europe in 2017 (EMCDDA, 2019).

The risk associated with drug consumption has also increased with the emergence of new psychoactive substances (NPS) or designer drugs leading to a significantly growing number of emergency admissions and fatal overdoses (Miliano et al., 2016). NPS are a rapidly evolving class of substances with various physico-chemical properties and toxicological effects. This class of molecules can be defined as all the substances that are not controlled by the United Nations Single Convention on Narcotic Drugs or the United Nations Convention on Psychotropic substances but might pose public health issues and are often “classical” drugs of abuse derivatives (Khaled et al., 2016). Between 2012 and 2017, more than 400 NPS were monitored for the first time (Elliott et al., 2018). The risk with those substances is that only limited information is available regarding their toxicity for both the drug user and the healthcare professionals (Wood et al., 2016). Various analytical procedures have been published for NPS monitoring in classical and alternative matrices, especially regarding new synthetic opioids (Pichini et al., 2017; Zawilska, 2017; Marchei et al., 2018). For instance, screening procedures targeting a wide range of NPS and designer stimulants as well as studies focusing on designer benzodiazepines have been reported (Adamowicz and Tokarczyk, 2016, 2019; Zawilska and Wojcieszak, 2019). The development of those procedures alongside with the sharing of information through early warning systems is capital to reduce the risk of intoxications and fatalities associated with NPS consumption.

Various drug checking facilities have emerged in the past 20 years. Those facilities allow the drug users to chemically analyze their drugs to check for the presence of adulterants or other non-expected substances without encouraging drug consumption (Sande and Sabic, 2018). Such harm reduction programs provide several advantages such as gaining contact with hard-to-reach target group to provide information and counsel for an increased prevention (Hungerbuehler et al., 2011). The analysis of those substances also provides information regarding the prevalence of drug consumption including NPS arriving on the market and allows the monitoring of a potential altered substance presenting risks. Indeed, evidence also suggests the potential synergistic effect of certain toxic adulterants associated with the illicit drugs leading to overdoses, severe health consequences, and even deaths (Solimini et al., 2017; Singh et al., 2020).

On an analytical point of view, the continuous emergence of new drugs presents an ongoing challenge for clinical and forensic toxicology. Neither the serious toxicity or impairment caused by such substances, nor the analytical methods for their detection and identification is well-established (Peters and Martinez-Ramirez, 2010). To adapt to this constant apparition of new substances and the importance of controlling the substances consumed by drug users, it is necessary to develop analytical tools enabling fast and reliable screening.

Among those analytical approaches, matrix-assisted laser desorption/ionization (MALDI) allows a quick and simple sample preparation. A wide range of use of MALDI technology has been reported for drug monitoring. For instance, MALDI ionization has been used for drug analysis in hair (Vogliardi et al., 2010; Porta et al., 2011; Flinders et al., 2017) and drug mapping in organs or whole-body tissue sections for pharmacodynamic or toxicodynamic studies (Lietz et al., 2013; Sun and Walch, 2013; Patel et al., 2015). Interestingly, an Austrian research group reported the successful use of MALDI combined with high-resolution (HR) MS for the qualitative analysis on drug checking samples focusing on designer drugs (Ostermann et al., 2014). Indeed, the introduction of HRMS analyzers and especially Orbitrap technology increases mass accuracy, allowing the facilitation of identification by reducing the number of possible chemical formulas (Jagerdeo and Schaff, 2016; Joye et al., 2020). Moreover, by improving the mass resolution power, HRMS increases the selectivity, therefore reducing the potential interferences (Chindarkar et al., 2014). Therefore, MALDI-HRMS technology seems to be an interesting alternative to classical GC and LC-MS/MS analyses providing a fast high-throughput complementary approach with a high identification power.

The present study was performed in collaboration with the association “Nuit Blanche” whose goal is to limit the risks associated with drug consumption in the nightlife context of the Swiss Canton of Geneva. This association collects drug checking samples on a weekly basis that are routinely analyzed by GC-MS regarding the screening approach and by LC-MS for the quantitative analyses focusing on 12 substances. Herein, we present a MALDI-HRMS procedure allowing the high-throughput identification of a wide range of drugs of abuse present in drug checking samples based on the online m/z cloud library for untargeted compound search.

The method was applied to 67 real drug checking cases revealing several NPS among the analyzed samples, as well as adulterants. Globally, the method resulted in similar performances than the conventional routine analyses with a significant reduction of the analysis time. In the meantime, the samples were quantified for the most detected drugs of abuse using a single and simple sample preparation. To demonstrate the potential of MALDI quantification in the context of drug checking samples, we further performed a validation according to the FDA (Food and Drug Administration) guidelines. The results of this high-throughput qualitative and quantitative approach were then compared with the classical methodology used in routine showing similar results.



METHODS


Standard and Reagents

Drug checking samples were provided by the harm reduction association “Nuit Blanche.” LSD, methamphetamine, MDEA, MDMA, amphetamine, mephedrone, and cocaine, as well as their deuterated analogs, were purchased as standards at 1 mg/ml either from Cerilliant or Lipomed. Acetonitrile (ULC-MS 99.99%), methanol (ULC-MS 99.99%), water (ULC-MS), formic acid 99% (ULC-MS), trifluoroacetic acid, as well as the ammonium formate salt were purchased from Biolsolve. Alpha-Cyano-4-hydroxycinnamic acid (CHCA) was purchased from Sigma-Aldrich.



Sample Preparation

Regarding MALDI experiments, all samples were prepared at 1 mg/ml and 100 μg/ml for qualitative and quantitative analyses, respectively. For qualitative analysis, 10 μl of the sample solution was mixed with 10 μl of matrix solution (CHCA 1 mg/ml, 1:1 ACN: H2O + 0.1% TFA). Concerning quantitative analyses, 5 μl of sample solution was first mixed with 5 μl of internal standard (IS) solution. Ten microliters of matrix solution was then added to the mix. The IS solution was prepared containing deuterated LSD, methamphetamine, MDEA, MDMA, amphetamine, mephedrone, and cocaine at 10 μg/ml. Calibration samples were prepared by spiking MeOH at five concentration levels (six considering a blank) ranging from 0.1 to 50 μg/ml with the same undeuterated substances than in the IS solution; 1.5 μl of sample/matrix solution was then spotted on a MALDI stainless steel samples plate for analysis.

An experiment was conducted in order to evaluate the minimal number of acquire spectra to minimize the variability and, therefore, perform accurate quantification. Five samples were prepared using MDMA at 10 μg/ml with a 1:1 drug-to-IS ratio. Five replicates were used to determine intra-spot variability and the relative standard deviation of the signal at 1, 10, 20, 50, 100, and 150 laser shots, respectively.

Routine analyses were performed using two different sample preparations including simple dilutions at 100 μg/ml and 200 ng/ml and a derivation step. Regarding GC-MS screening analyses, a first injection was performed with the diluted samples at 100 μg/ml. For the second injection, 100 μl of the 100 μg/ml sample solution was mixed with 100 μl of anhydric acetic acid and 100 μl of pyridine for derivation. After vortexing, the samples were incubated at 60°C for 30 min. Samples were then evaporated and reconstituted in 100 μl of MeOH. For the quantitative analyses, the dilution at 200 ng/ml was performed in a 50/50 mix of formate buffer 5 mM at pH 3 and MeOH containing IS at a final concentration of 10 ng/ml. Calibration samples were prepared by spiking MeOH at five concentration levels ranging from 1 to 500 ng/ml.



MALDI Analyses

All samples were analyzed in a three-step process (Figure 1). A first targeted approach targeting the most common drugs of abuse and adulterant was processed, followed by a non-targeted data-dependent acquisition for the detection and identification of other drugs, adulterants, or dangerous contaminants. Then, a full-scan experiment was operated for quantitative analysis.


[image: Figure 1]
FIGURE 1. Analytical workflow of the MALDI qual/quant approach including two quick and simple sample preparations.


All MALDI-HRMS experiments were performed using a MALDI-LTQ-Orbitrap XL equipped with a 337-nm N2 laser operating at 60 Hz (Thermo Scientific, Bremen, Germany) with a laser beam size of 60 × 50 μm. All analyses were performed with a spectral resolution of 60,000 for full-scan experiments and 17,500 regarding fragmentation. Both the automatic spectral filtering (ASF) and the automatic gain control (AGC) were switched off. MALDI plate motion was set to survey CPS. MALDI laser energy was set to 5 μJ and the number of laser shot was set to five in positive polarity. The scan masses were ranging from 100 to 1,000 m/z.

Regarding qualitative analyses, first, a full-scan data-dependant MS/MS approach was performed using an inclusion list of 41 substances containing the most frequent drugs of abuse and adulterants (Table S1). Fragmentation experiments were performed using higher-energy collisional dissociation (HCD) with normalized collision energy set between 30 and 100 eV depending on the compounds of interest. The second full-scan data-dependent approach was then performed for the detection of other drugs, adulterants or contaminants using a non-targeted approach (Figure 2). Based on the full-scan spectra, the 10 most intense ions were then fragmented using HCD with a normalized energy of 50 eV. A minimum signal threshold was set to 10,000 to avoid fragmenting noise. All fragmented compounds were then sent to an exclusion list already containing the targeted substances for 3 min to avoid fragmenting always the same substances. Quantitative analyses were performed averaging 120 acquired full-scan spectra. The validation criteria used to evaluate the analytical process was based on the directives of the FDA regarding bioanalytical methods and adapted to our specific requirements. The validation was performed over three non-consecutive days (p = 3). The trueness and precision were evaluated using a variance analysis-based statistical treatment (ANOVA). Calibration (Cal) was performed in duplicate at five different concentration levels (k = 5) (Table 1) while quality controls (QCs) were prepared in quadruplicate at the two lowest and highest concentration levels (k = 4). Using the acquired data, trueness, precision, accuracy, and linearity were determined.


[image: Figure 2]
FIGURE 2. Full scan data-dependent acquisition (DDA) based on the peaks' intensity as an untargeted MALDI screening approach. The total ion current of all acquisition (A), the full-scan spectra (B) and a fragmentation spectra comparison of 2C-B (C) are represented. In panel C, the top part represents the acquired spectra while the bottom part is the reference spectra.



Table 1. Results for trueness, precision, and linearity (k is the number of concentration levels, n the number of repetitions by levels, and p is the number of non-consecutive days).

[image: Table 1]



Routine Analyses

GC screening analyses were performed using an existing published procedure on a similar instrument (Lefrancois et al., 2016). For the LC-MS/MS quantitative analyses, a Dionex UltiMate 3000 LC-system (Thermo Fischer Scientific, Germany) was used. Gradient elution was performed on a Chromolith Performance RP-C18 (100 × 3 mm) column using a 5 mM formate ammonium buffer at pH 3 (mobile phase A) and acetonitrile (mobile phase B). The gradient and flow rate were programmed as follows: 0–0.2 min hold at 2% B; 0.2–8 min linear increase to 70% B; 8–10 min linear increase to 95% of B; 10–11 min hold at 95% B; 11–14 min hold at 2% B at a constant flow rate of 0.6 ml/min. The injection volume was set to 1 μl. The LC system was coupled with a QTRAP 5500 MS instrument (SCIEX, Netherlands). The mass spectrometer was operated with positive electrospray ionization in multiple reaction monitoring (MRM) mode. The ion spray voltage was set to 5,500 V and the source temperature was 500°C. The gas settings were as follows: Curtain gas: 20 psi, ion source gas 1: 60 psi, ion source gas 2: 40 psi.



Data Analysis

Information regarding the suspected sample's composition was almost always provided by the drug user. Then, MALDI data were analyzed using Tracefinder (Thermo Scientific) and a database created for this specific drug checking application. Identification was based on the mass over charge ratio, the isotopic pattern, and the library search based on MS/MS spectra comparison. Regarding the samples containing a substance that was not indexed in the library, Xcalibur was used combined with different external library search such as Metlin or m/z cloud. The data were analyzed using MSD Enhanced ChemStation (Agilent Technologies) and compound characterization was performed using mass spectra computerized databases, such as NIST Version 2014 (National Institute of Standards and Technology), Wiley Edition 10, MPW Version 2011 (Maurer, Pfleger, Weber, Drugs, Poisons, Pesticides, Pollutants, and Metabolites), DD Version 2014 (Drug Design and Discovery) and custom databases from the University Institutes of Legal Medicine of the Faculty of Medicine of Geneva (CURML). Quantitative results were treated using Analyst software version 1.6.2.




RESULTS AND DISCUSSION


MALDI Qualitative Analyses

Consumption of drugs of abuse is a global public health issue. In particular, the emergence of NPS including the classes of phenethylamine and tryptamine emphasizes the risk for the population. Therefore, the development of new fast screening procedures allowing the identification of known and unknown drugs of abuse is a priority to keep up with the ongoing developments on the illicit drug market. The association of highly concentrated analytes with the increased selectivity brought by HRMS technology allows the facilitation of high-throughput MALDI detection and identification of various unknown substances.

With the developed MALDI-HRMS method, several designer drugs were successfully identified including 2,5-dimethoxy-4-methylamphetamine (DOM), 2,5-dimethoxy-4-bromoamphetamine (DOB), 2,5-dimethoxy-4-chloroamphetamine (DOC), 2,5-dimethoxy-4-bromophenethylamine (2C-B) and its position isomer 2-Br-4,5-DMPEA, 2,5-dimethoxy-4-ethylphenethylamine (2C-E), methoxetamine, 4-hydroxy-N-methy-N-ethyltryptamine (4-HO-MET), 6-(2-aminopropyl)benzofuran (6-APB), and clephedrone. Moreover, the MALDI analysis allowed the identification of various adulterants, contaminations, impurities, and synthesis precursors such as safrole, which is used for the synthesis of MDMA.

In total, 67 drug checking samples were analyzed with the developed procedure leading to 101 identifications including 36 different substances (Table S2). Despite the identification of several designer drugs, most samples contained classical drugs of abuse, with 22 samples positive to cocaine and 16 samples positive to MDMA. All the active principles detected using both approaches are represented in Figure 3A. On average, the cocaine purity detected in the 22 samples was high (71%), among them, 10 were containing levamisole, while 9 of them were not containing any cutting agents (Figure 3B). Only classical cocaine cutting agents were identified, yet the identification of such substances is of importance since evidence suggests the concomitant role of certain adulterants and illicit drugs on toxicity (Solimini et al., 2017). The GC-MS screening approach, which is the gold standard for qualitative analyses, showed similar performances to the developed MALDI procedure. Indeed, only one active principle (GHB) was not detected using MALDI-HRMS. Among the cutting agents, metabolites, precursors and alkaloids, one cocaine metabolite (tropacocaine in two samples), and one adulterant (phenacetine) were not detected by the developed approach. On the other hand, one active principle (clephedrone), one cocaine adulterant (levamisole in two samples), one cocaine alkaloid (cinnamoylcocaine), and one MDMA precursor (safrole) were not detected by the GC-MS approach (Figure 3). With a coverage of 98.5% regarding the active principles and 91% considering all the substances (see Figures 4A,B), the main difference between those two approaches was that the use of MALDI analyses allowed the reduction of the time spent for the sample preparation with the removal of the derivation process and the analysis by a six times factor reaching a total analysis times of around 10 min per sample.


[image: Figure 3]
FIGURE 3. Active principles (A) and cocaine cutting agents (B) repartition among 67 drug checking samples. Twenty-two cocaine samples were analyzed with an average purity of 71%.



[image: Figure 4]
FIGURE 4. Performance comparison of the developed MALDI qual/quant approach with the routine analyses. Qualitative comparison for actives principles (A) and considering all substances (B), as well as quantitative analyses for cocaine (C) and MDMA (D) are represented.




MALDI Quantitative Analyses

MALDI analyses are often associated with a relatively important variability regarding signal intensity. Therefore, MALDI quantification requires specific development to ensure good results in terms of accuracy, precision, and repeatability (Porta et al., 2015). One solution to limit this specific signal variability issue is to normalize the intensity obtained by averaging enough acquired pixels. One of the challenges is to find the right compromise between the time of acquisition associated with the number of averaged spectra and a good accuracy and precision. During this study, tests were performed to optimize the acquisition time with a limited variability. As demonstrated in the literature, our results enlightened the need for isotopically labeled IS and acquisition of a sufficient number of spectra to decrease relative standard deviation below 10% (Figure 5) (Ostermann et al., 2014; Porta et al., 2015). As demonstrated in Figure 5, the acquisition of more than 100 averaged spectra was thus necessary to obtain good repeatability and accuracy.


[image: Figure 5]
FIGURE 5. Relative standard deviation (%) associated with MALDI analysis as a function of the number of averaged acquisition points (A). Intra-spot variability and accuracy depending on the number of laser shot averaged per acquisition (B).


The validation of the quantitative approach was performed for cocaine and MDMA by analyzing independent QC samples in quadruplicates at four different calibration levels over three non-consecutive days for the determination of trueness, precision, and linearity. Accuracy represents the total error and can be divided into two parameters including trueness (bias or systematic error) and precision (the standard deviation or random errors). Trueness is calculated using the percentage difference between the experimental and the expected values. In the present study, trueness was ranging from −2.7 to 14.4% (Table 1). Precision was divided into repeatability and the inter-day variability (intermediate precision). Repeatability represents the variability under similar conditions performed by the same operator while intermediate precision is the variability associated with the use of the same samples on different days with different reagents. Repeatability and intermediate precision were measured between 3.9 and 13.7% (Table 1). Accuracy profiles are visual representations of the uncertainty measurement combining the trueness and precision (Figure 6). Precision is represented by the calculated confidence limit at 95% for each concentration limit. Accuracy profiles also include the representation of acceptance limits of ±30% suggested for method validation. Linearity is defined as the method capacity to provide a result proportional to the real sample concentration. Its determination requires linear regression model based on the least square method applied on the fit of the obtained concentrations as a function of the expected concentrations. Slope values were calculated at 1.0037 and 0.9909 with coefficients of determination of 0.9913 and 0.9966 for MDMA and cocaine, respectively.


[image: Figure 6]
FIGURE 6. Accuracy profile for cocaine (A), and MDMA (B).


Overall, MALDI quantitative results showed a good correlation with the routine LC-MS/MS MRM experiments. Indeed, all MALDI results were in agreement with the routine analysis with a ±20% tolerance window. The correlation between the two analytical strategies is represented in Figure 4 for cocaine and MDMA, being the two most detected substances. Interestingly, among all MDMA-positive cases, two groups can be distinguished. Indeed, all the samples in the form of pills had an MDMA percentage between 31 and 52%, while this percentage was measured between 78 and 84% regarding powders (Figure 4D). MALDI quantitation analyses were performed in around 3 min per sample while one LC injection lasted for 14 min. With the HRMS quantification being based on full-scan spectra, the addition of new substances of interest can easily be performed without the need of any preliminary developments such as infusion processes.




CONCLUSION

In this study, we enlighten the potential of MALDI-HRMS as a high-throughput analytical strategy in forensic and clinical toxicology. This technology can bring interesting applications despite the absence of chromatographic separation, which may be detrimental for the analysis of low-concentration analytes in complex matrices. Nevertheless, considering drug checking analysis where the analytes can be concentrated at will, MALDI-HRMS allows one to significantly speed up the detection, identification, and quantification of various drugs of abuse. With the development of bioinformatic tools and online shared libraries such as m/z cloud, the method can easily be adapted for any new substance appearing on the market being in agreement with the challenges brought by the continuous emergence of NPS.

The developed approach showed similar qualitative and quantitative results for drug checking compared to those obtained from both LC-MS and GC-MS while reducing by six times the analytical procedure. The development of such rapid drug checking strategies would enable faster monitoring of changes in the drug market, providing an improved tool for prevention and harm reduction for drug users.
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Driving under the influence of psychoactive substances is a major cause of motor vehicle crashes. The identification and quantification of substances most frequently involved in impaired-driving cases in a single analytic procedure could be an important asset in forensic toxicology. In this study, a highly sensitive and selective liquid chromatography (LC) approach hyphenated with Orbitrap high-resolution mass spectrometry (HRMS) was developed for the quantification of the main drugs present in the context of driving under the influence of drugs (DUID) using 100 μL of whole blood. This procedure involves a simple sample preparation and benefit from the selectivity brought by parallel reaction monitoring (PRM) allowing to solve most DUID cases using a single multi-analyte injection. The method was fully validated for the quantification of the major classes of psychoactive substances associated with impaired-driving (cannabinoids, cocaine and its metabolites, amphetamines, opiates and opioids, and the major benzodiazepines and z-drugs). The validation guidelines set by the “Société Française des Sciences et des Techniques Pharmaceutiques” (SFSTP) were respected for 22 psychoactive substances using 15 internal standards. Trueness was measured to be between 95.3 and 107.6% for all the tested concentrations. Precision represented by repeatability and intermediate precision was lower than 12% while recovery (RE) and matrix effect (ME) ranged from 49 to 105% and from −51 to 3%, respectively. The validated procedure provides an efficient approach for the simultaneous and simple quantification of the major drugs associated with impaired driving benefiting from the selectivity of PRM.

Keywords: parallel reaction monitoring, quantitative analysis, whole blood, driving under the influence of drugs, multi-analyte


INTRODUCTION

Road crashes are a worldwide public health issue, causing a significant number of deaths and injuries each year. Indeed, 1.25 million people died and about 50 million were injured in road traffic crashes in 2015 according to the World Health Organization (2015). In addition, in Europe almost 25% of adults reported at least one instance of illicit drug consumption in their life (Liakoni et al., 2018). These two issues are closely linked, since one of the major causes of road crashes is the consumption of psychotropic substances, including drugs and alcohol, resulting in driving impairment (Elliott et al., 2009; Favretto et al., 2018). For instance, in Norway, at least 21% of traffic crashes were related to either alcohol or drug use between 2005 and 2015 (Valen et al., 2019). The total number of victims of fatal crashes has significantly decreased in the past years in Western countries thanks to efficient prevention. Yet, the use of medicinal or illicit drug and/or alcohol is an increasing phenomenon in Europe (Snenghi et al., 2018; Pelletti et al., 2019), and the percentage of fatal crashes due to the driver's impairment remain constant (between 17 and 22% from 1995 to 2017) in Switzerland [Office Fédéral de la Statistique (OFS), 2018].

Due to the large variety of drugs and pharmaceuticals with various psychoactive effects, there is a need for medical experts to establish solid statement on a potential driving-impairment and for official quantification of drugs and alcohol levels in blood (Martin et al., 2017). In Switzerland, a zero tolerance with technical cut-offs is implemented regarding classical drugs of abuse (DoA) toward drivers (1.5 ng/ml for THC and 15 ng/ml for morphine, cocaine, amphetamine, methamphetamines, MDEA, and MDMA) (Walsh et al., 2004; Steuer et al., 2016). The situation is more complex regarding the consumption of medicinal drugs and the toxicological interpretation of their concentration (Ravera et al., 2012). With respect to the law, the driving capability under pharmaceuticals is concomitantly determined by a “three pillars expertise” including police assessment, medical expertise, and toxicological analysis in blood, being the biological matrix of reference regarding toxicological interpretation (Steuer et al., 2014). The Swiss Federal Roads Office (FEDRO) defines a list of controlled substances that the laboratories must be able to quantify in the context of external quality controls (EQCs) in whole blood regarding driving under the influence of drugs (DUID). Those recommendations, associated with the knowledge of drug prevalence among suspected drivers, were used to establish a list of substances of interest in the present study.

Improvements regarding instrumentation, notably brought on by the developments of Orbitrap technology, offer new opportunities in terms of analytical strategies (Hoffman et al., 2018; Joye et al., 2019). Indeed, various Orbitrap-based parallel reaction monitoring (PRM) applications have been reported, especially in the field of proteomics (Domon and Gallien, 2015; Rauniyar, 2015; Bourmaud et al., 2016). In a PRM acquisition, a precursor selected by a quadrupole is fragmented in a higher-energy collisional dissociation (HCD) cell (Ronsein et al., 2015). Following this experiment, all product ions are simultaneously acquired in the high-resolution Orbitrap analyzer. Up to now, the use of triple-quadrupole (QQQ) using Selected Reaction Monitoring (SRM) has been the gold standard regarding targeted quantitative analyses (Hopfgartner et al., 2004; Rauniyar, 2015). However, SRM and PRM have comparable sensitivity with similar linearities, dynamic ranges, precision, and repeatability (Domon and Gallien, 2015; Joye et al., 2020). Yet Orbitrap-based PRM offers further advantages, since the acquisition of all selected precursors' fragments is performed, thereby limiting the a priori information required for method development. Indeed, the selection of quantifying ions is only necessary during the data processing step once the whole fragmentation spectra is acquired. Moreover, HRMS provides a higher specificity, allowing for the separation of the background ions from the targeted molecules (Ronsein et al., 2015).

Drug quantification can easily benefit from the PRM specificities that have been enlightened for proteomic applications. Even though this strategy is relatively recent regarding illicit drug and pharmaceuticals analyses in toxicology, it has received a growing interest. Indeed, PRM quantification has been reported for the quantitative analysis of abiraterone (Bhatnagar et al., 2018), beclabuvir (Jiang et al., 2017), anticoagulant rodenticides (Gao et al., 2018), and sterols (Schott et al., 2018). Regarding drugs of abuse, a first application has been described for the quantification of cannabinoids in whole blood (Joye et al., 2020).

Herein, we present a validated single multi-analyte procedure for the quantification of the main substances regarding DUID cases using 100 μL of whole blood. The quantified substances were selected based on the FEDRO list and the prevalence of substances consumed by the drivers in Switzerland (Augsburger and Rivier, 1997; Augsburger et al., 2005; Senna et al., 2010). The validated approach uses the advantages provided by HRMS and especially PRM for the simultaneous quantification of 22 DoA and pharmaceuticals alongside 15 internal standards (IS), enabling the solving of most DUID cases with a single injection and a simple sample preparation.



MATERIALS AND METHODS


Standards and Reagents

Water, methanol, formic acid (FA), and ammonium formiate were furnished by Biosolve. Drugs standard were purchased from Cerilliant or Lipomed, at either 1 mg/ml or 100 μg/ml. External quality controls (ECQ) were purchased from Medidrug, ACQ Science, or Clincheck. Blank lyophilized whole blood was acquired from ACQ Science.



Solution Preparation

Standard solutions containing tetrahydrocannabinol (THC), 11-Nor-9-carboxy-THC (THC-COOH), alprazolam, amphetamine, methamphetamine, 3,4-methylendioxymethamphetamine (MDMA), 3,4-methylene dioxy-amphetamine (MDA), methylphenidate, cocaine, cocaethylene, lorazepam, bromazepam, zolpidem, benzoylecgonine, morphine, codeine, methadone, tramadol, O-desmethyltramadol, diazepam, nordiazepam, oxazepam were prepared for calibration curve and internal quality control (IQC) preparation. In parallel, solutions containing THC-D3, THC-COOH-D9, cocaine-D3, benzoylecgonine-D3, amphetamine-D8, MDMA-D5, methylphenidate-D10, morphine-D3, codeine-D3, methadone-D3, tramadol13C-D3, O-desmethyltramadol-D6, nordiazepam-D5, alprazolam-D5, and zolpidem-D6 were prepared as internal standard (IS) solutions.

Calibration samples were prepared by spiking lyophilized whole blood at 5 concentration levels (Table 1). IS were added to reach a final concentration of 10 (THC-D3), 100, or 1,000 ng/ml depending on the specific calibration range.


Table 1. Calibration levels and quantification parameters (IS, polarity, parent ion m/z, and quantifier ions) for the substances of interest. The calibration ranges are in adequacy with the legal thresholds and the therapeutic ranges.
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Sample Pre-treatment

IS solutions were spiked in Eppendorfs and evaporated to dryness before adding 100 μL of whole blood. The extraction was then performed by protein precipitation using 300 μL of methanol. After centrifugation for 10 min at 14,000 rpm, the upper methanolic phase was transferred into a new Eppendorf and evaporated to dryness under a nitrogen flow. Reconstitution was performed using 100 μL of 1:9 methanol: water and 10 μL were injected into the LC-HRMS system (Supplemental Figure 1).



LC-HRMS Method

A Thermo Scientific Ultimate 3000 LC system with a Phenomenex 2.6 μm C18 (10 cm × 2.1 mm) maintained at 45°C was used for chromatographic separation. Mobile phases were composed of A, ammonium formate 10 mM at pH 3.3, and B, methanol with 0.1% FA. Phase B was ramped linearly from 2 to 98% over 7.5 min. The column was then washed at 98% of B for 3.5 min, followed by a 6 min re-equilibration at 2% of B at 300 μL/min for a total analysis run of 17 min. The LC was coupled to a Q Exactive Plus system (Thermo Scientific, Bremen, Germany) via a heated electro spray ionization (ESI) source (H-ESI II probe, Thermo Scientific). The ionization spray voltage was set to 3 kV, sheath gas flowrate was set to 40, and auxiliary gas flowrate to 10 (both in arbitrary units). The method functioned in PRM, using an inclusion list containing the exact mass of the parent ion and the retention time windows for the different analytes. A polarity switch in negative was performed at 7.5 min for the specific detection of THC-COOH with a switch back in positive polarity at 8.7 min for the detection of THC. Resolution was set to 17,500 for the HCD fragmentation performed using an NCE at 50 eV with an AGC target of 1e5 and a maximum IT of 100 ms.



Method Validation

The validation criteria used to evaluate the analytical process was based on the directives of the “Société Française des Sciences et des Techniques Pharmaceutiques” (SFSTP) regarding bioanalytical methods and adapted to our specific requirements (Boulanger et al., 2003; Peters et al., 2007; Lynch, 2016). Two product ions (one quantifier and one qualifier) were used for data processing (Table 1) and full MS/MS spectra were compared with the online advanced mass spectral database m/z cloud. The validation was performed over 3 non-consecutive days (p = 3). The trueness and precision were evaluated using a variance analysis-based statistical treatment (ANOVA). Calibration (Cal) was performed in duplicate at 5 different concentration levels (k = 5) (Table 1) while quality controls (QCs) were prepared in quadruplicate at the two lowest and highest concentration levels (k = 4). Using the acquired data, trueness, precision, accuracy, linearity, limits of detection (LOD), and quantification (LOQ) were determined. Six different blank bloods were analyzed for selectivity assessment investigating for potential interferences. The approach developed by Matuszweski et al. was used for recovery (RE) and matrix effect (ME) evaluation (Matuszewski et al., 2003). In this optic, three sample sets were prepared, including all the substances of interest at two concentration levels (low being level 2 and high being level 4 described in Table 1). Sample set 1 represented neat standards spiked after the extraction, while sample set 2 represented blank blood spiked after extraction. Sample set 3 represented blank blood spiked before extraction. The absence of interfering peaks at the established retention times (RT) for the analytes and the IS was used to ensure the specificity. The chemical stability of all analytes was evaluated under sample handling and storage conditions at low and high concentrations in five replicates. Benchtop (6 h, room temperature), autosampler (24 h, 5°C), three cycles of freeze-thaw (−20°C), and short term (1 week, −20°C) conditions were used for stability determination.

In order to evaluate the method, 8 different EQCs were analyzed in duplicates using the exact same procedure.




RESULTS AND DISCUSSION


Method Development

In the present study, 22 analytes (15 IS) included in the main classes of drugs of abuse, as well as the major benzodiazepines, were analyzed using a single simultaneous multi-analyte quantitative approach. This list of substances was established based on the FEDRO recommendations and on the knowledge of the prevalence of psychoactive compounds among suspected impaired drivers. A nationwide study performed on 4,668 samples collected on suspected drivers in 2010 in Switzerland proved cannabinoids (48%), alcohol (35%), cocaine (25%), opiates (15%), amphetamines (7%), and benzodiazepines (6%) to be the most detected substances (Senna et al., 2010). The use of such multi-analyte approaches is challenging due to the various physico-chemical properties of the substances of interest and requires specific care during method development. To ensure a proper quantification, retention time windows were set for the acquisition ensuring the acquisition of a sufficient number of acquisition points (Figure 1). For good-quality integration and reproducible quantification, a minimum of 10–15 points is necessary to define exactly the peak start, peak apex, and peak end. The method was designed to resolve the wide majority of DUID cases using a single procedure and a limited amount of biological sample (Supplemental Figure 1) (Senna et al., 2010). The method allows the successful PRM-based quantification of cannabinoids, amphetamines, cocaine and its metabolites, opiates and opioids, and the major benzodiazepines at the sensitivity necessary for legal thresholds and therapeutic ranges (OOCCR-OFROU, 2008; Schulz et al., 2012).


[image: Figure 1]
FIGURE 1. Chromatographic separation at LOQ (calibration level 1) using retention time windows to ensure a sufficient number of acquisition points for proper quantification.




Trueness and Precision

Independent QC samples at 4 different calibration levels were injected in 4 replicates over 3 non-consecutive days for the determination of trueness and precision. Accuracy represents the total error and is divided into trueness (representing the “bias” or the systematic error) and precision (referring as the standard deviation or random errors) (Gonzalez et al., 2010). The trueness can be evaluated by calculating the percentage difference between the experimental and the expected theoretical values. In the present study, the systematic error varied from −4.7 to 7.6% (Table 2). Precision was divided into two parameters: the relative standard deviation (repeatability or RR.S.D.) and the inter-day variability (intermediate precision or IPR.S.D.). RR.S.D. represents the variability under similar conditions, meaning that the analyses are performed by the same operator using the same reagents and samples. On the other hand, IPR.S.D. represented the variability associated with the use of the same samples on different days with different reagents. Precision parameters were evaluated to be between 1.1 and 11.6% (Table 2). Accuracy profiles are visual representations combining both the trueness and the precision to represent the uncertainty measurement (Figure 2). Precision is represented by the calculated confidence limit at 95% at each concentration level. Accuracy profiles also include the representation of acceptance limits of ±20% at the LLOQ suggested for method validation (±15% at the other calibration levels). All analyzed QCs were within the acceptance limits.


Table 2. Results for trueness, precision, and linearity (k is the number of concentration levels, n the number of repetitions by levels, and p the number of non-consecutive days).
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FIGURE 2. Accuracy profile for the main classes of drugs of abuse regulated by FEDRO [Cocaine (A), Amphetamine (B), Morphine (C), and THC (D)].




Linearity and LOQ

The definition of linearity stands as the method capacity to provide a result proportional to the actual sample concentration. To determine this parameter, a linear regression model based on the least square method was applied on the fit of the obtained concentration as a function of the theorical concentration. Slopes values were comprised between 0.9688 and 1.0623 with coefficients of determination above 0.9921 for all the compounds confirming the method linearity within the concentration ranges of interest (Table 2). LOQs were fixed according to the lowest point of the calibration curve (Table 1).



Selectivity, Recovery, and Matrix Effect

Selectivity is defined as the ability to differentiate the analyte of interest from potential interferences. To assess the good selectivity of the method, six different blank blood samples were analyzed using the complete extraction procedure. No compounds impairing the detection and quantification of the analytes of interest were observed. HRMS technology offers a high selectivity due to its resolving power, therefore reducing the number of potential interferences (Chindarkar et al., 2014). However, ME, including ion suppression or enhancement, are often associated with the use of ESI as ion source challenging the method selectivity. The determination of such ME is therefore crucial to ensure a proper detection and quantification of the substances of interest. ME ranged from −51% (15% CV) of ion suppression for THC at low concentration and 3% (13% CV) of ion enhancement for lorazepam, being consistent with the existing literature (Table 3) (Simonsen et al., 2010; Fernandez Mdel et al., 2013; Montenarh et al., 2014; Steuer et al., 2014; Vaiano et al., 2016; De Boeck et al., 2017). All values concerning RE and ME are summarized in Table 3. To compensate for those undesirable ME, isotopically-labeled internal standards was used for normalization.


Table 3. Results for Recovery and Matrix Effect performed at low- and high-quality control concentrations.
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Stability

Results regarding analytes' stability are listed in Table 4. Overall, stability ranged between 86 and 115%, assuring that the samples were stables within the tested conditions (auto-sampler, bench-top, 3 cycles of freeze-thaw and short-term stability.


Table 4. Three cycles of freeze-thaw (−20°C), benchtop (6 h, room temperature), autosampler (24 h, 5°C), and short-term (1 week, −20°C) conditions were performed in this stability assay at low- and high-quality control concentrations.
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External Quality Control Analysis

Eight commercial EQCs were analyzed in duplicates to ensure the robustness of the developed method and procedure. In total, the quantification was performed on 28 samples of amphetamines, 24 samples of cocaine and its metabolites, 16 samples of cannabinoids, 36 samples of opioids and opiates, and 28 samples of benzodiazepines and z-drugs. Results comparison between the described method and the expected EQCs values are represented in Figure 3 for the different classes of molecules involved in DUID cases. A good correlation was observed between the expected and the obtained values. The relative standard deviation was lower than 20% for all tested substances, confirming the efficiency of the PRM quantitative acquisition mode for toxicological analyses. This method confirms the potential of PRM as a solid alternative to classical MRM approaches (Li et al., 2016; Lv et al., 2018; Joye et al., 2020).


[image: Figure 3]
FIGURE 3. Method evaluation by comparing measured values and targeted commercial EQCs values. PRM measured concentrations are plotted as a function of the expected EQCs concentrations. The red lines represent the ±20% tolerance limits.





CONCLUSION

A quick and efficient multi-analyte procedure was successfully developed in whole blood for the simultaneous quantification of 37 substances of interest in DUID cases. PRM represents an interesting alternative to classical MRM quantitative analyses, with the capability of precisely quantifying a large panel of substances with similar performance in terms of linearity, dynamic range, precision, and repeatability (Rauniyar, 2015). PRM quantification does not require a priori selection of the fragments of interest, leading to a simplified method development and better control over the quantification experiment, especially regarding multi-analyte approaches. The quantitative PRM procedure presented herein benefits the increased selectivity and sensitivity brought by HRMS, offering a clear alternative for quantitative toxicological analyses.
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Ayahuasca tea is an entheogen hallucinogenic beverage used for shamanic and spiritual purposes, prepared by the decoction of different Amazonian plants containing N,N-dimethyltryptamine (DMT) and harmala alkaloids. Since the therapeutic potential of this tea has been broadly studied in recent years, mainly for the treatment of psychiatric disorders, the determination of the ayahuasca tea components in human and animal matrices is of utmost importance. In order to avoid the use of large amounts of toxic solvents, typically employed in traditional sample preparation methods, hollow fiber liquid-phase microextraction (HF-LPME) presents a greener and time-saving alternative. The present study aims to fully develop and apply an HF-LPME method for the determination of DMT, harmine (HRM), harmaline (HRL), and tetrahydroharmine (THH) in human urine samples using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Fractional factorial and Box–Behnken designs were used to identify and optimize significant method variables. Once optimized, validation has shown a limit of detection (LoD) of 1.0 ng/ml for DMT and 2.0 ng/ml for the harmala alkaloid. The limit of quantification (LoQ) was of 5.0 ng/ml for all analytes. The method has shown to be linear over a concentration range of 5–200 ng/ml (r2 ≥ 0.99). Intra/inter-day precision and accuracy met the acceptance criteria at the three quality control (QC) levels studied (15.0, 90.0, and 170.0 ng/ml, n = 6, each). Matrix effect evaluation showed predominant ion enhancement and recovery values were above 80%. Dilution factors of 10- and 20-fold have shown acceptable values of accuracy. Selectivity studies showed no interferences. Analysis of eight authentic samples collected from four subjects proved method feasibility. A simple, time-saving and green alternative for the analysis of DMT and harmala alkaloids in human urine samples was developed, optimized using design of experiments, fully validated and applied to authentic samples.

Keywords: liquid-phase microextraction, green analytical chemistry, ayahuasca, DMT, harmala alkaloids, LC-MS/MS


INTRODUCTION

Ayahuasca tea is an entheogen preparation historically used by the indigenous people from the Amazon Basin region for at least 1,000 years (Callaway et al., 1999; Miller et al., 2019; Orsolini et al., 2020). In the last decades, the use of ayahuasca has spread itself across the world via neoshamanic groups, which has caught the attention of the scientific community regarding its possible risks and benefits (Riba et al., 2003; Oliveira et al., 2010a,b; de Oliveira et al., 2011; Sánchez and Bouso, 2015; Palhano-Fontes et al., 2017; Estrella-Parra et al., 2019). The beverage is prepared by the decoction of the Banisteriopsis caapi vine and, typically, the Psychotria viridis leaves; while the former is rich in the β-carboline harmala alkaloids (harmine, harmaline, and tetrahydroharmine), the latter is the N,N-dimethyltryptamine (DMT)-containing plant and the main responsible for its hallucinogenic effects (Callaway et al., 1999; McKenna, 2004; Tupper, 2008). As DMT is orally inactive, a synergistic effect takes place when the harmala alkaloids, also present in the brew, act as reversible MAO-A inhibitors in the gastrointestinal tract and block the degradation of DMT, which allows for the psychoactive substance to reach its serotoninergic receptors in the central nervous system (Riba et al., 2003; Tupper, 2008). In addition, it has been proven that tetrahydroharmine (THH) is a weak serotonin reuptake inhibitor (Callaway et al., 1999; McKenna, 2004; Frecska et al., 2016). Because of these unique features and the possible psychoplastogenic properties of DMT, several research groups have been studying the therapeutic potential of ayahuasca in the context of psychedelic therapy, mainly for the treatment of depression, anxiety, and drug dependence, as recently reviewed (Frecska et al., 2016; Muttoni et al., 2019; dos Santos and Hallak, 2020; Dunlap et al., 2020; Orsolini et al., 2020; Reiff et al., 2020).

As the relevance of using ayahuasca for both religious and scientific purposes expands continuously, the need for suitable analytical approaches rises accordingly. In fact, some methods for the analysis of ayahuasca alkaloids in plasma, whole blood, urine, hair, and sweat specimens have been published (Oliveira et al., 2012; de Morais et al., 2018; Simão et al., 2019; Tavares et al., 2020). The traditional liquid–liquid extraction (LLE) and solid-phase extraction (SPE) were formerly employed for the analysis of DMT or harmine (HRM) and harmaline (HRL) in urine specimens (Ishii et al., 1997; Forsström et al., 2001; Frison et al., 2008; Wang et al., 2009). However, the methods employed then used significantly large amounts of organic solvents, such as chloroform, ethyl acetate, hexane, and dichloromethane (Ishii et al., 1997; Forsström et al., 2001; Frison et al., 2008; Wang et al., 2009). The improvement in the sensitivity of chromatographic and mass spectrometry techniques has resulted in the need for less laborious sample preparation methods, such as dilute-and-shoot (Bjornstad et al., 2009; Mcilhenny et al., 2011; Pope et al., 2019) and protein precipitation (Zhao et al., 2012; Meyer et al., 2014; de Morais et al., 2018) approaches, which use very small amounts of urine. These simple, faster, cheaper, and less hazardous methodologies have become prominent in the analysis of ayahuasca alkaloids. Nonetheless, it is important to note that the reported protein precipitation methods still required the use of significant amounts of acetonitrile (Zhao et al., 2012; Meyer et al., 2014) and methyl tert-butyl ether (de Morais et al., 2018).

Consequently, in order to fulfill the requirements from the Green Analytical Chemistry (GAC), once the sample preparation step can hardly be obviated, novel developed methods must focus on the reduction, replacement, or elimination of the use of toxic organic solvents and reagents, optimization of energy consumption, and adequate waste management, which in return may improve the safety of the operator and provide cost-effective alternatives (Gałuszka et al., 2013; Spietelun et al., 2014; Armenta et al., 2015; Silveira et al., 2019). Sample preparation based on GAC proves to be an even more challenging step for it must guarantee sensitivity, recovery, accuracy, and reproducibility as well as ensuring minimal environmental impact (Gałuszka et al., 2013; Turner, 2013; Silveira et al., 2019). Among the several available strategies, the miniaturization of extraction systems is one of the most remarkable alternatives as it proves to be able to drastically reduce the volumes of both solvents and samples, from milliliters used on classic extraction procedures (such as LLE and SPE) down to microliters, or even to completely eliminate the use of such solvents, as in hollow fiber liquid-phase microextraction (HF-LPME) and solid-phase microextraction (SPME) (Spietelun et al., 2014; Silveira et al., 2019).

HF-LPME is a successful microextraction technique first introduced by Pedersen-Bjergaard and Rasmussen (1999). This technique is based on the use of porous polypropylene hollow fibers that are impregnated with 15–20 μl of an organic solvent within its pores to produce a supported liquid membrane (SLM) (Pedersen-Bjergaard and Rasmussen, 2005; Carasek and Merib, 2015). After that, the HF lumen is filled with an appropriate solution (acceptor phase), the SLM is introduced into the aqueous sample (donor phase), and the system is usually agitated in order to promote analyte transfer from the donor phase through the SLM into the acceptor phase, which is collected and submitted to further analysis (Pedersen-Bjergaard and Rasmussen, 2005; Silveira et al., 2019). If both the SLM and the acceptor solution are composed by the same organic solvent, the system is named two-phase LPME; on the contrary, the acceptor solution may be produced using an acidic or basic solution able to ionize the analytes—present in the donor phase mainly in its deionized form—which promotes analyte concentration within the fiber lumen by ion trapping (three-phase LPME) (Pedersen-Bjergaard and Rasmussen, 2005; Carasek and Merib, 2015).

The use of HF-LPME has been shown to offer a great performance and considering the importance of quantifying ayahuasca alkaloids in biological matrices, this study presents a fast HF-LPME method followed by ultra-high performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) for the determination of DMT, THH, HRL, and HRM in human urine samples. The current study has aimed to provide a simple miniaturized method in compliance with GAC requirements as an alternative to protein precipitation and dilute-and-shoot approaches which may not offer sufficient sensitivity, matrix clean-up, and sustainability. The HF-LPME method has been optimized through the use of design of experiments; it was then fully validated and its feasibility proof was achieved by the analysis of eight authentic samples donated by four individuals after a usual ayahuasca ceremony.



MATERIALS AND METHODS


Reagents, Standards, and Materials

N,N-Dimethyltryptamine was purchased from Cerilliant Corporation (Round Rock, Texas, USA). HRM and HRL were acquired from Sigma-Aldrich (Saint Louis, USA). The internal standard, deuterated dimethyltryptamine (DMT-d6), was synthetized as described by Oliveira and collaborators (Oliveira et al., 2012). THH was synthetized from HRL, according to the method described by Callaway et al. (1996). DMT stock solution was available at 1.0 mg/ml while DMT-d6 [internal standard, (IS)], THH, HRL, and HRM powders were weighted out to produce methanolic stock solutions at that same concentration. When appropriate, standard solutions were simply diluted 10-, 100-, or 1,000-fold with methanol in volumetric glassware to obtain working solutions at concentrations of 100, 10.0, or 1.0 μg/ml. All standards solutions were stored in freezer at −20°C.

Methanol HPLC grade, n-octanol, n-non-anol, n-decanol, sodium bicarbonate, sodium carbonate, sodium borate, sodium chloride, ammonium formate, and formic acid (98–100% grade) were purchased from Merck KGaA (Darmstadt, Germany). A Milli-Q system was used to produce ultra-pure water (Millipore, Billerica, Massachusetts).

Hollow-fiber Q3/2 Accurel KM polypropylene (600-m i.d., 200-m wall thickness, and 0.2-m pore size) was purchased from Membrana (Wuppertal, Germany). Corning® gel-loading pipet tips (200-μl round and 0.5-mm thick) were obtained from Merck KGaA (Darmstadt, Germany).



Instrumentation

Analyses were performed using a Waters UPLC Acquity System coupled to a Quattro Premier XE mass spectrometer (Waters Corporation, Milford, MA) with an electrospray interface (ESI) operated in positive ion mode. Chromatographic separation was achieved with an Acquity UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 μm) eluted with 2 mM ammonium formate buffer with 0.1% formic acid (mobile phase A) and 0.1% formic acid in methanol (mobile phase B) at a constant flow rate of 0.3 ml/min and column oven temperature at 40°C. The following elution gradient was used: 0–0.5 min, 0% B; 0.5–7 min, 10–50% B; 7.0–7.1 min, 50–10%B; and 7.1–8.0 min, 0% B. Total chromatographic run time was 8.0 min. The injection volume was 2 μl.

The mass spectrometer was operated under multiple-reaction monitoring mode (MRM), considering three transitions for each analyte. MS settings were established as follows: desolvation gas flow rate, 1,100 l/h; cone gas flow rate, 200 l/h; desolvation temperature, 350°C; source temperature, 100°C; capillary voltage, 1,000 V. The retention times, capillary voltage, collision energy, and m/z transitions used for quantification of each analyte are indicated in Table 1.


Table 1. Mass spectrometry parameters for all analytes and the internal standard (quantifying transition marked with an asterisk).
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Chromatograms were designed after extracting raw data from MassLynx™ Software (Waters Corporation, Milford, MA) and plotting them on Microsoft Excel® 2010 to improve image resolution.



Urine Specimens

Eight authentic samples were donated from four different subjects. The first and second urine samples were collected after the individuals had participated in a typical ayahuasca ceremony. The drug-free samples were obtained from 10 non-user volunteers, pooled, and used throughout the entire method optimization and validation. After collection, samples were stored untreated at −20°C until further analysis. The study protocol was approved by the Ethics Committee of School of Pharmaceutical Sciences, University of São Paulo (ethics protocol approval number 2.267.476). Informed consent was obtained from all individual participants included in the study.



HF-LPME Procedure

A 500-μl aliquot of urine was transferred into a 2-ml tube containing 80 mg (±10 mg) of NaCl followed by the addition of 50 μl of DMT-d6 1 μg/ml (IS). The mixture's pH was adjusted using 200 μl of 0.1 M carbonate-bicarbonate buffer pH 10.5. After that, an 8.0-cm polypropylene hollow fiber segment previously impregnated with n-decanol and filled with 2 mM ammonium formate buffer with 0.1% formic acid (mobile phase A) using gel-loading pipet tips was introduced into the sample solution. Both ends of the fiber were sealed by pressure using pliers. The LPME system was stirred for 5 min at 2,400 rpm using a multi-vortex. After agitation, the acceptor phase was collected from the fiber lumen, transferred into a vial, and dried under nitrogen stream at 50°C. Finally, the dried residue was re-suspended with 50 μl of mobile phase A before injection (2 μl) into the UPLC-MS/MS.



Design of Experiments

Method optimization was accomplished by design of experiments (DoE) using the tools available on the Minitab® 18 software (LLC, State College, Pennsylvania, USA).

First, a screening step was performed taking into consideration five main parameters, selected during preliminary studies (not shown) included in a fractional factorial design, resolution V (25−1): (a) SLM solvent (n-octanol and n-decanol), (b) buffer pH (borate buffer pH 9.5 and carbonate-bicarbonate buffer pH 10.5), (c) buffer volume (100 and 500 μl), (d) stirring time (5 and 15 min), and (e) stirring rate (1,200 and 2,400 rpm). Sixteen random experiments were performed with a single replicate and the results were then evaluated according to the absolute response areas for all analytes.

Once these variables were screened and the significant ones were determined, a Box–Behnken design was performed with three variables at three different levels: (a) buffer pH (borate buffer pH 9.5, borate buffer pH 10.0, and carbonate-bicarbonate buffer pH 10.5), (b) buffer volume (100, 300, and 500 μl), and (c) stirring time (5, 10, and 15 min). Fifteen experiments were randomly performed with a replicate. Extraction parameters were optimized through response surface methodology (RSM) using absolute response areas.

Detailed description of experimental matrices is displayed in Tables 2, 3.


Table 2. Experimental matrix for the fractional factorial design.
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Table 3. Experimental matrix for the Box–Behnken design.
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Method Validation

Method validation was achieved in accordance to international recommendations (Matuszewski et al., 2003; Peters et al., 2007; United Nations Office On Drugs and Crime (UNODC), 2009). Limit of detection (LoD), limit of quantification (LoQ), selectivity, linearity, precision (intra- and inter-assay), accuracy, matrix effect (ME), recovery (RE), process efficiency (PE), and dilution integrity studies were performed. The LoD was determined as the lowest concentration with a signal-to-noise ratio (S/N) of at least 3 showing all transitions and a relative standard deviation (RSD) ≤ 20%, while the LoQ was the lowest concentration presenting a S/N ratio of at least 10 and an RSD ≤ 15%.

Specificity was evaluated in 10 urine blank samples collected from different individuals and analyzed to attest the presence or absence of any endogenous interferences. The method was also assessed for potential exogenous interfering substances through the analysis of urine samples spiked at concentrations over the calibration range of 37 common drugs and metabolites: caffeine, nicotine, cannabinoids, cocaine-related substances, amphetamines, opioids, barbiturates, antidepressants, and anxiolytics. Acceptance criteria were based on the absence of interfering peaks at the retention times of DMT, THH, HRL, HRM, and DMT-d6. IS possible interference was also assessed by analyzing a single urine sample fortified with DMT-d6 and investigated for the presence of non-deuterated DMT as an impurity.

Linearity was evaluated over a wide concentration range, from LOQ to 200 ng/ml for all analytes of interest, at five different concentrations (5, 50, 100, 150, and 200 ng/ml) with each concentration value having six replicates. The peak area ratios of the compounds to the IS were used for linear regression analysis, which was then expressed as the regression coefficients (r2 ≥ 0.99).

Precision and accuracy studies were performed by analyzing negative urine specimens spiked with the analytes at three quality control (QC) levels: low (LQC, 15 ng/ml), medium (MQC, 90 ng/ml), and high (HQC, 170 ng/ml). QCs were evaluated over 3 consecutive days, through the analysis of six replicates for each QC level. These results were expressed as %RSD, calculated with one-way ANOVA. Acceptance criteria for both intra- and inter-assay precision were RSD ≤ 20% for the LQC and ≤ 15% for both MQC and HQC. Accuracy was determined through the quantification of six replicates at each QC level and was expressed as a percentage of the known concentration, i.e., acquired mean concentration/nominal concentration × 100.

Blank samples were spiked with the analytes of interest at concentrations over the calibration range and then diluted 10- or 20-fold with 0.1 M carbonate-bicarbonate buffer pH 10.5 in order to evaluate dilution integrity. Both accuracy and precision parameters must remain within aforementioned acceptance criteria.

ME, RE, and PE experiments were assessed as described by Matuszewski et al. (2003). Three sets of experiments were prepared at LQC, MQC, and HQC with six replicates, given that each replicate was obtained from a different individual. Set 1: neat standards diluted in mobile phase; set 2: QC samples prepared by spiking blank urine samples after extraction, and set 3: represented by urine samples spiked before extraction. For RE calculation, absolute peak areas from set 3 were compared to those of set 2; for the ME, absolute peak areas from set 2 were compared to those of set 1; and for PE, absolute peak areas from set 3 were compared to those of set 1.




RESULTS AND DISCUSSION


Instrumental Analysis

The UPLC-MS/MS analysis, which has previously proven to be suitable for the analysis of ayahuasca tea samples (de Oliveira Silveira et al., 2020), has shown to be similarly adequate for the identification and quantification of all analytes in urine specimens using an 8-min chromatographic run as shown in Figure 1. Although chromatographic separation is not mandatory when using MRM, special attention was given to HRL and HRM separation since initial experimentation has demonstrated possible ion suppression for HRL when overlapped with HRM. Even though the focus of this study was to develop a green sample preparation method, it is clear that the greenness of this step is directly linked to the sensitivity of the subsequent chromatographic technique (Silveira et al., 2019). On the one hand, gas chromatography (GC) is considered inherently eco-friendly once organic solvents are not necessary to achieve separation as in liquid chromatography (LC) (Ghosh, 2012), but on the other hand, some strategies may be used to reduce environmental impact of LC, such as shortening the run time by reducing column length and particle size leading to an overall decrease in solvent consumption which is readily achieved with ultra-high pressure liquid chromatography (UPLC) (Kaljurand and Koel, 2012; Korany et al., 2017). Nonetheless, the replacement of organic solvents used as mobile phases in LC is also a concern when dealing with GAC requirements given that the development of greener methods often depends on improving or modifying conventional procedures (Keith et al., 2007), and for this reason, the gradient elution was modified in order to guarantee significant satisfactory method performance when using methanol as mobile phase instead of acetonitrile as the former is considered less environmentally problematic than the latter, which makes acetonitrile substitution a main challenge in GAC (De La Guardia and Armenta, 2010; Korany et al., 2017; Silveira et al., 2019).


[image: Figure 1]
FIGURE 1. Chromatogram obtained from a fortified urine sample containing 100 ng/ml of (A) dimethyltryptamine (DMT) and internal standard (IS, DMT-d6), (B) tetrahydroharmine (THH), (C) harmaline (HRL), and (D) harmine (HRM). (E) All analytes are displayed together. The m/z showed above were used for quantification of the analytes.




Design of Experiments

HF-LPME performance may be influenced by several important parameters apart from those regarding the chemical characteristics of analytes, such as the following: sample volume, pH adjustment of donor phase, volume of the pH adjustment solution (sample dilution), type of organic solvent used as SLM, agitation rate and time, acceptor solution composition, fiber segment length, and salting out (Psillakis and Kalogerakis, 2003). As urine is usually an abundant sample and of easy collection, method optimization was performed using 500 μl of the specimen, which lead to a fiber segment of 8.0 cm when using a 2.0-mL Eppendorf tube for optimum surface contact between phases. Considering that both LPME acceptor phase and LC mobile phase are required to have the same characteristics, i.e., a solution capable of ionizing the analytes, the acceptor solution used was composed of mobile phase A.

Consequently, among all above-mentioned variables, five were selected during preliminary studies (data not shown) for further investigation. SLM solvent, stirring time, stirring rate, buffer pH, and buffer volume were screened using a fractional factorial design (resolution V, 25−1) in order to determine variables significantly affecting method performance. Sixteen experiments were randomly performed and the results expressed as the mean of absolute response areas are displayed in Figures 2, 3. Figure 2 shows the Pareto charts for each analyte in which factors were considered of significance upon regression analysis if they revealed a p ≤ 0.05 (or standardized effect ≥ 2.228). According to this evaluation, only the organic solvent employed for the SLM influenced the extraction of all analytes. For this reason, the SLM composition must be carefully assessed when developing an LPME procedure since the solvent characteristics are directly associated to the extent of substance transfer through the membrane. Nonetheless, moderate polarity, viscosity, surface tensions, and boiling points are the features pursued in the search for an ideal LPME solvent (Kokosa, 2013). In this context, n-octanol and n-decanol were the solvents studied during method optimization.
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FIGURE 2. Standardized main effect Pareto charts for the fractional factorial design of (A) dimethyltryptamine (DMT), (B) tetrahydroharmine (THH), (C) harmaline (HRL), and (D) harmine (HRM).



[image: Figure 3]
FIGURE 3. Main effect plots for dimethyltryptamine (DMT) showing the influence of each evaluated variable on absolute response areas.


THH's response was also determined by buffer pH, but only DMT's response was affected by more than three factors. Figure 3 shows how each variable influenced DMT's response. Once important parameters affecting method performance have been identified, based on the results obtained for DMT, a new optimization step was planned. Therefore, a Box–Behnken design was used to determine how these variables may be combined to promote maximum extraction response. Since n-decanol has shown to be the best solvent, not only for DMT but also for all analytes, it was incorporated in the HF-LPME procedure as well as the stirring rate of 2,400 rpm; thus, 15 Box–Behnken experiments were performed with the three remaining significant variables at three levels each (buffer pH, buffer volume, and stirring time).

Despite the response by THH not being affected by buffer volume or stirring time during the first optimization step, the Box–Behnken model results were evaluated according to the best combined response for both DMT and THH. Figure 4 shows how DMT and THH responded to different factor arrangements through response surface methodology after regression analysis. The pH of the donor phase (sample) may be adjusted by using an acidic/basic solution or a buffer; the latter is preferred since it guarantees pH maintenance during the whole extraction procedure. Also, pH value plays an important role because it is responsible for keeping the analyte in its uncharged form, so the substance is able to cross the SLM. Furthermore, the volume of the pH adjustment solution is responsible for sample dilution and influences the contact surface of the sample to the fiber segment, thus promoting extraction.
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FIGURE 4. Comparative response surface plots for absolute response areas of dimethyltryptamine (DMT) and tetrahydroharmine (THH) from Box–Behnken design. (A) Buffer pH vs. buffer volume. (B) Buffer pH vs. stirring time. (C) Stirring time vs. buffer volume.


Optimum outcomes were found for both substances when using a carbonate-bicarbonate buffer pH 10.5; however, discrepancies were observed for buffer volume (300 μl for DMT and 100 μl for THH) and stirring time (15 min for DMT and 5 min for THH). In order to obtain the maximum response with the most economic combination of these variables for both analytes, the optimization tool available on the Minitab software was applied to the acquired data; thus, a buffer volume of 200 μl and a stirring time of 5 min were set as best extraction conditions (Figure 5).
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FIGURE 5. Optimization plots presenting the best combined response for dimethyltryptamine (DMT) and tetrahydroharmine (THH). (A) Combined variables for maximum response of both analytes; (B) Combined variables for maximum DMT response; (C) Combined variables for maximum THH response. D, desirability function. Results from Box–Behnken design.


Therefore, the use of a DoE strategy led to a less time-consuming and less laborious method development when compared to univariate methodologies in which only one factor is investigated at a time while keeping the remaining unchanged (Costa et al., 2010). In this case, interactions between different parameters are not explored and the optimum arrangement may not be achieved (Costa et al., 2010). On the other hand, DoE allows for method optimization using a small number of experiments and combines the important variables in such a way that the maximum response can be obtained while minimal energy and materials are consumed, resulting in a greener extraction procedure. In our study, DoE resulted in an HF-LPME procedure using only 200 μl of a carbonate-bicarbonate buffer pH 10.5 and a fast agitation step of 5 min at 2,400 rpm, minimizing energy consumption.



Method Validation

Liquid microextraction may be defined as a sample preparation technique employing no more than 100 μl of any organic solvent and promoting both extraction and analyte enrichment in the final residue which leads to sensitive limits of detection (Spietelun et al., 2014). In the present study, LoD (1.0 or 2.0 ng/ml) and LoQ (5.0 ng/ml) values have shown to be fit-for-purpose for all analytes. These results can be seen in Table 4 along with linearity parameters. This HF-LPME approach has proven to be linear over the range of 5.0–200 ng/ml and, since the F-test revealed that this method is heteroscedastic, the weighted least squares linear regression was applied resulting in a 1/y weighting factor for HRL and 1/x2 for DMT, THH, and HRM. All determination coefficients (r2) were above 0.99 and the relative error (RE%) of the weighted linear regression equations were never higher than 45.9% (HRL). Additionally, the least squares linear regression has resulted in negative intercept values that are not statistically different from zero, which means that the linear regression fits through the origin.


Table 4. Limits of detection (LoD), limits of quantification (LoQ), linear regression equation, and determination coefficients for dimethyltryptamine (DMT), harmine (HRM), harmaline (HRL), and tetrahydroharmine (THH) in fortified urine samples.
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The evaluation of inter- and intra-assay precision was performed during 3 consecutive days, at three QC levels with six replicates for each level. Table 5 shows that the RSD% values obtained after analysis of variance were according the acceptance criteria and ranged from 2.1% (DMT, LQC, and inter-assay) to 18% (HRL, LQC, an intra-assay). Likewise, the developed method revealed great accuracy performance ranging from 87.6% (THH and LQC) to 109.2% (THH and MQC) upon calculation using the resulting precision data.


Table 5. Inter-assay and intra-assay precision and accuracy for dimethyltryptamine (DMT), harmine (HRM), harmaline (HRL), and tetrahydroharmine (THH) in fortified urine samples.
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After ingestion, the main compounds of the ayahuasca tea are partially excreted through the urine in their unmetabolized forms (Riba et al., 2012), and their concentrations may be 20 times above the highest calibration point of the abovementioned method. For this reason, dilution integrity was validated, considering both 10- and 20-fold in two different concentrations (300 and 3,200 ng/ml). Accuracy parameters remained acceptable for all analytes (87.0–110.5%), excluding HRL which when diluted 20-fold could neither maintain its accuracy nor detect analyte in some instances. Hence, HRL quantification in authentic samples was accomplished using only a 10-fold dilution factor as it provides sufficient accuracy (86.5%).

One of the main features of the HF-LPME approach rests in its clean-up potential as the pores within the fiber wall are able to separate the uncharged analytes from the endogenous matrix interferences (Sarafraz-Yazdi and Amiri, 2010; Ghambarian et al., 2012). Regardless of the simplicity provided by dilute-and-shoot and protein precipitation (PP) methods, these alternatives are not always suitable, especially when it comes to LC-MS instrumentation. The former is prone to rather large matrix effects and instrument contamination, while the latter hardly eliminates matrix interferences other than proteins, such as phospholipids, salts, cells, small peptides, and other organic molecules present in urine specimens that can bind to detector surfaces, which may reduce the LC column lifetime and lead to low sensitivity as well as additional drawbacks generated by matrix effects (Chiu et al., 2010; Rentsch, 2016; Peters et al., 2018). Although a previous PP approach published by de Morais et al. (2018) has shown low ME, this may not be true to all LC systems with ESI interfaces, so we believe that HF-LPME may avoid these negative consequences. Additionally, PP methods previously published for the analysis of the analytes of interest in urine samples use large amounts of solvents, either acetonitrile or methyl tert-butyl ether (≥1.0 ml) (Zhao et al., 2012; Meyer et al., 2014; de Morais et al., 2018), to achieve sample clean-up, while the present method succeeded in accomplishing great ME and RE using volumes as low as 25 μl of an organic solvent (n-decanol). ME, RE, and PE evaluation was developed by Matuszewski et al. (2003) protocols. As suggested by Bienvenu et al. (2017), samples were selected considering a large density range. Results are can be seen in Table 6. Although most analytes have revealed a small degree of ion enhancement which may super estimate recovery values, we concluded that our method has excellent ME, RE, and PE performances.


Table 6. Percentage of matrix effect (ME%), recovery (RE%), and process efficiency (PE%) after submitting spiked urine samples to HF-LPME and UPLC-MS/MS analysis.
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Interference studies showed no interfering peaks either by endogenous or exogenous substances at the retention times of DMT, THH, HRL, and HRM, nor was the deuterated internal standard contaminated with non-labeled DMT.

Finally, considering previously published articles on the analysis of ayahuasca alkaloids in urine specimens using LC-MS/MS, only three of them have provided detailed data regarding full validation protocols (Bjornstad et al., 2009; Mcilhenny et al., 2011; de Morais et al., 2018). The present HF-LPME method has shown higher sensitivity than most of the referred methods, except by the dilute-and-shoot alternative given by Mcilhenny et al. (2011) that achieved LoD values below 1 ng/ml. However, both LoQ figures and linearity ranges were similar in all alternatives. Simply, the screening method by Bjornstad et al. (2009) has suggested a calibration range over 200 ng/ml. Additionally, reproducibility parameters are in compliance with both the aforementioned alternatives and current validation guidelines.



Authentic Samples

In order to prove method feasibility, eight samples were collected from four individuals. The subjects agreed in donating the specimens after having participated in a traditional ayahuasca ceremony. Three participants have ingested two different ayahuasca doses while one of them has drunk only a single dose. The first and second urine samples naturally produced by the individuals were analyzed. Information regarding the ingested amount of tea as well as the concentration of the alkaloids present in the beverage, time of consumption, and sample collection intervals were not assessed given that the alkaloid kinetics in humans is well-established, as previously published (Mcilhenny et al., 2011; Riba et al., 2012, 2015).

As displayed in Table 7, DMT concentration ranged from 67.5 to 4,120.3 ng/ml. For this last sample, a 20-fold dilution was required in order to fit the validated calibration range. THH varied from 30.6 to 908.6 ng/ml, the second most abundant alkaloid, after DMT. HRL and HRM concentrations ranged from 28.3 to 334.0 ng/ml and 30.5 to 859.4 ng/ml, respectively. HRL was the less abundant compound quantified in these urine specimens. Both the calibration range and the dilution factors validated in our study proved to be suitable for the quantification of ayahuasca alkaloids.


Table 7. Concentrations (ng/ml) of ayahuasca alkaloids in authentic samples after quantification by HF-LPME and UPLC-MS/MS.
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CONCLUSION

Given the imminent relevance of ayahuasca researches and the consequent importance and need for the quantification of its main compounds in biological samples, the present study has described a fast and simple HF-LPME method for the determination of DMT, THH, HRL, and HRM in urine samples of ayahuasca users. After effectively applying a design-of-experiments approach, the significant factors influencing method performance were optimized to achieve the most time-, material- and energy-saving manner possible. The HF-LPME was fully validated showing excellent sensitivity, reproducibility, reduced matrix effect interferences, and outstanding recoveries. Therefore, we believe that given the fact that the sample preparation step in analytical chemistry can hardly be avoided, the eco-friendliest alternative that suits one's laboratory conditions (LC systems) must always be considered. In addition, our approach has proven to be a greener alternative when protein precipitation or dilute-and-shoot methods do not represent the most suitable option. Finally, eight authentic samples were successfully quantified by the developed method showing great applicability.
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Understanding the stability of drugs in a forensic toxicology setting is critical for the evaluation of drug concentrations. Synthetic cathinones are new psychoactive substances structurally derived from cathinone, the psychoactive component of Catha edulis (“khat”), a shrub that is indigenous to the Middle East and East Africa. Previous research has evaluated the stability of synthetic cathinones in biological matrices, including blood preserved with the combination of NaF and K2C2O4 used in gray-top tubes. However, it does not assess their stability in blood preserved with Na2EDTA, used for some clinical samples. Further, stability in unpreserved urine samples was only studied for two weeks. This research evaluates the stabilities of four Schedule I synthetic cathinones: mephedrone, MDPV (3,4-methylenedioxypyrovalerone), naphyrone, and α-PVP (alpha-pyrrolidinopentiophenone) at 20°C (room temperature), 4°C (refrigerator), and −20°C (freezer). Stability was assessed in methanolic and acetonitrile solutions, as well as in Na2EDTA-preserved blood and unpreserved urine. Solutions (1 mg/L) of each drug in each matrix stored in aliquots (100 μL, solvents; 1.2 mL, biological samples; n = 12) at each of the three temperatures for triplicate analysis on days 3, 7, 14, and 30. On day 0 of each study, three additional aliquots of each solution were analyzed. Biological samples underwent solid-phase extraction before analysis. All samples were analyzed in full-scan by gas chromatography-mass spectrometry (GC-MS). The results of this study show that under room temperature and refrigerator storage conditions, mephedrone, naphyrone, and MDPV will degrade in methanol. This degradation starts are early as day 3. Additionally, all four drugs will degrade in Na2EDTA-preserved human whole blood samples in at least one evaluated storage environment. However, when in acetonitrile-based working solutions and unpreserved urine samples, they proved to be more stable. Methanolic working solutions and samples of Na2EDTA-preserved blood containing these cathinones should be stored in the freezer and used or tested with urgency to ensure that quantitative sample analysis is as accurate as possible in forensic casework.

Keywords: stability, cathinone, GC/MS (gas chromatograph/mass spectrometry), solvents, blood, urine


INTRODUCTION

Cathinone (Figure 1) is the naturally occurring psychoactive component of Catha edulis (“Khat”), a plant that is indigenous to the Middle East and East Africa (Halbach, 1972; Krikorian, 1984). The structure of cathinone is similar to that of amphetamines. However, it contains an additional carbonyl group at the β position, which decreases its ability to cross the blood-brain barrier and, therefore, its potency (Gibbons and Zloh, 2010). As the structural similarities suggest, cathinone induces similar effects to amphetamines (Zelger et al., 1980; Kalix and Khan, 1984; Brenneisen et al., 1990). Cathinone is a mixed-acting sympathomimetic central nervous system stimulant (Halbach, 1972; Kalix and Khan, 1984). Its main effects likely result from increased bioavailability of certain neurotransmitters and include euphoria, increased alertness, hypertension, and tachycardia (Kalix and Khan, 1984; Bentur et al., 2008; Patel, 2009; Simmler et al., 2013).


[image: Figure 1]
FIGURE 1. Chemical structures of cathinone and N-alkylated derivatives and pyrrolidine derivatives evaluated in this study.


The United Nations defines new psychoactive substances (NPS) as “substances of abuse, either in a pure form or a preparation, that are not controlled by the 1961 Single Convention on Narcotic Drugs or the 1971 Convention on Psychotropic Substances, but which may pose a public health threat” (United Nations Office on Drugs Crime, 2013). Standard colloquial terms for these drugs include “designer drugs” and “legal highs,” as they are sold online or in head shops, and their primary purpose is to circumvent international drug legislation (United Nations Office on Drugs Crime, 2013). This category of drugs includes a broad range of substances, including phenethylamines and piperazines (Rosenbaum et al., 2012). Synthetic cathinone derivatives are among the most widely used new psychoactive substances (5). Although most NPS are newly available on the illicit drug market, many of these compounds were synthesized many years ago, such as the synthetic cathinone MDPV (3,4-methylenedioxypyrovalerone), for which the original synthesis dates back to 1969 (Yohannan and Bozenko, 2010).

Synthetic cathinones (Figure 1) are new psychoactive substances and structural derivatives of cathinone (Rosenbaum et al., 2012; Abdullah et al., 2014; Banks et al., 2014; Katz et al., 2014; Pieprzyca et al., 2020). The class of synthetic cathinones encompasses a large number of compounds because the cathinone molecule has several places at which the addition and modification of functional groups are possible. Synthetic cathinones can either be N-alkylated or have a pyrrolidine ring connecting R groups 4 and 5 (Figure 1) (Katz et al., 2014). Synthetic cathinones pose a significant public health risk, mainly due to their inconsistent purity (Davies et al., 2010) and frequent co-administration with other drugs (Katz et al., 2014).

Head shops and Internet retailers sell synthetic cathinones under names such as “bath salts” and “plant food” and are often labeled “not for human consumption” to circumvent international legislation (Rosenbaum et al., 2012; Ross et al., 2012; Shanks et al., 2012; United Nations Office on Drugs Crime, 2013; Hohmann et al., 2014). In 2010, synthetic cathinone use spiked worldwide, likely due to a decrease in purity of cocaine and 3,4-methylenedioxymethamphetamine (MDMA), which rendered concerns about the relatively lower potency of synthetic cathinones less important to consumers (Measham et al., 2010; Prosser and Nelson, 2012). Unlike other commonly abused drugs such as methamphetamine, which were approved for therapeutic use and went through full clinical trials, synthetic cathinones were identified as dangerous before the completion of extensive clinical trials (Prosser and Nelson, 2012; Hohmann et al., 2014; Papaseit et al., 2017). Therefore, the reliable toxicological information available in the scientific literature regarding these compounds is limited (Prosser and Nelson, 2012; Rosenbaum et al., 2012). Like cathinone, synthetic cathinone users report effects that closely mimic the effects of amphetamines (Prosser and Nelson, 2012). Their hypothesized mechanism of action is a promotion of the release of neurotransmitters (dopamine, serotonin, and norepinephrine) with dose-dependent effects (Cozzi et al., 1999; Prosser and Nelson, 2012; Simmler et al., 2013). However, the use of these drugs appears to trigger additional adverse effects, namely delusions, hallucinations, and reckless behavior (Kasick et al., 2012; Murray et al., 2012; Prosser and Nelson, 2012).

Sunlight and heat are known to degrade the cathinone in Catha edulis into dimers or inactive metabolites (Chappell and Lee, 2010; Katz et al., 2014). Stability research on cathinone's synthetic derivatives tells a similar story, with many synthetic cathinones showing some degree of instability based on storage temperature and sample matrix (Sørensen, 2011; Tsujikawa et al., 2012; Al-Saffar et al., 2013; Concheiro et al., 2013; Johnson and Botch-Jones, 2013; Maskell et al., 2013; Soh and Elliott, 2014; Busardò et al., 2015; Glicksberg and Kerrigan, 2017, 2018; Miller et al., 2017; da Cunha et al., 2018; Glicksberg et al., 2018; Adamowicz and Malczyk, 2019; Czerwinska et al., 2019; Nowak et al., 2020). Understanding the consequences of this variability on subsequent interpretations of data derived from samples suspected to contain synthetic cathinones is crucial. Room temperature stability is often variable for synthetic cathinones, which does not pose a threat to most laboratories, as it is standard procedure to store samples in the refrigerator or freezer. However, room temperature instability does have a substantial impact on post-mortem toxicology, where the time between death and sample collection at room temperature could cause inaccurate results. Of additional concern is the conditions used to transport samples from the point of collection to the laboratory. These concerns about stability can become heightened if the drugs also exhibit variability in the refrigerator and freezer in both working solutions and biological matrices. The instability presented in refrigerator and freezer storage environments has an impact on the toxicological analysis of samples associated with post-mortem, driving under the influence (DUI), and drug-facilitated sexual assault (DFSA) casework.

This research aimed to determine the effects of storage temperature and matrix on the stability of four Schedule I synthetic cathinones (mephedrone, naphyrone, MDPV, and α-PVP). Currently, the most cited relevant study evaluates only one derivative, mephedrone, in unpreserved equine blood samples (Soh and Elliott, 2014). Previous synthetic cathinone stability studies primarily focus on blood samples preserved with the combination of sodium fluoride (NaF) and potassium oxalate (K2C2O4) in gray-top tubes. However, they do not assess their stability in blood preserved with Na2EDTA, used for some clinical samples, or in unpreserved human urine. Further, no previous research provides insight into the stability of these compounds in solvent-based working solutions. The results of this study provide a more comprehensive overview of the stability of these compounds in biological matrices over a more extended period, with an alternative preservative as well as the inclusion of solvent-based working solutions.



MATERIALS AND METHODS


Chemicals and Reagents

Mephedrone, naphyrone, and mephedrone-D3 as 1 mg/mL solutions were purchased from Lipomed (Cambridge, Massachusetts, USA). Naphyrone-D5 100 μg/mL solution was purchased from Cerilliant (Round Rock, Texas, USA). MDPV and α-PVP reference standards (5.0 mg) were purchased from Cayman Chemical Company (Ann Arbor, Michigan, USA) for the preparation of samples and calibrators. MDPV-D8 and α-PVP-D8 reference standards (100 μg/mL in methanol) were purchased from Cerilliant Corporation (Round Rock, Texas, USA). Methanol (MeOH), dichloromethane (DCM), ethyl acetate (EtOAc), ammonium hydroxide (NH4OH), isopropyl alcohol (IPA), and glacial acetic acid were all analytical grade and purchased from Pharmco by Greenfield Global (Brookfield, Connecticut, USA). Pentafluoropropionic anhydride (PFPA) was purchased from Sigma Aldrich (St Louis, MO, USA).

Blank human whole blood preserved with Na2EDTA was purchased from Golden West Biologicals (Temecula, California, USA). Blank human urine was self-collected under Arcadia University Institutional Review Board (IRB) proposal #17-01-16 and was tested unpreserved. Blank human whole blood and urine were screened for the presence of any standard prescription, over-the-counter, and recreational drugs before their use in this study. CLEAN SCREEN® CSDAU506 solid-phase extraction (SPE) cartridges with a combination of C8 (reverse phase) and benzenesulfonic acid (ion exchange) sorbent were purchased from United Chemical Technologies (UCT) (Bristol, Pennsylvania, USA).



Calibration Curves

Calibrators were prepared by spiking 1 mL of the matrix of interest with a 10 mg/L drug stock solution and a 1 mg/L internal standard stock solution. Calibration curves were prepared by plotting peak area ratio (PAR) vs. the concentration of the associated calibrators. ChemStation Enhanced Data Analysis E.02.02.1431 calculated linear regression equations and correlation coefficients. SWGTOX guidelines require a correlation coefficient (r2) of 0.99 for each calibration curve and quantitated values within ±20% of their target values for suitable calibration models (Scientific Working Group for Forensic Toxicology, 2013).



Sample Preparation and Analysis

Solvent samples for stability studies were prepared by pipetting 100 μL of 1 mg/L solutions of mephedrone, naphyrone, MDPV, or α-PVP into glass culture tubes (n = 48). Human whole blood and urine samples for stability studies were prepared in 60 mL of the biological matrix of interest to a concentration of 1 mg/L. These solutions were then aliquoted into Eppendorf® polypropylene microcentrifuge tubes (n = 48, 1.2 mL). Fifteen samples spiked with each drug in each matrix were stored at 20°C (room temperature), 4°C (refrigerator), and −20°C (freezer) temperatures (Figure 2). On days 0, 3, 7, 14, and 30, samples from each temperature were extracted in triplicate. Fifty microliters of the corresponding deuterated internal standard (mephedrone-D3 for mephedrone, naphyrone-D5 for naphyrone, MDPV-D8 for MDPV, α-PVP-D8 for α-PVP) was added to the solvent samples on the day of their extraction. Samples were then evaporated at 37°C under compressed air.


[image: Figure 2]
FIGURE 2. Experimental design and workflow used in this study.


Before SPE for the blood and urine studies, 100 μL of the corresponding deuterated internal standard, 3 mL of 0.1 M pH 6 phosphate buffer, and 2 mL of dH2O were added to 1 mL of each sample and calibrator. The samples were then vortexed for 5 s and centrifuged for 10 min at 3,000 rotations per minute (rpm). SPE cartridges were conditioned with 3 mL MeOH, 3 mL dH2O, and 1 mL 0.1 M pH 6 phosphate buffer, and the supernatants from centrifuged samples were transferred into correspondingly labeled CLEAN SCREEN® CSDAU506 SPE cartridges. Cartridges were then washed with 3 mL dH2O, 1 mL 1 M acetic acid, and 3 mL MeOH and then dried under a vacuum pressure of at least 5 mmHg. Samples and calibrators were eluted with 3 mL of a 78:20:2 mixture of DCM/IPA/NH4OH, which was then evaporated at 37°C under compressed air. When using GC/MS to detect analytes, sample derivatization is often necessary before analysis. Derivatizing a compound changes a polar hydroxyl or amine group to a less polar functional group and increases the molecule's volatility, allowing for a better chromatogram. Derivatization often utilizes acylating agents. The polar N-H group of mephedrone was derivatized in this study using a 2:1 mixture of PFPA and EtOAc. After derivatization, the PFPA/EtOAc solution was evaporated to dryness. The dried down solutions for all four drugs were then reconstituted in 100 μg/mL of EtOAc and transferred to GC/MS vials for analysis.



Instrumentation

Gas chromatography-mass spectrometry (GC-MS) analysis was carried out on an Agilent Technologies 7890 GC system/5973 EI-MS or Perkin Elmer Clarus® 680 GC system/SQ 8T MS. Equivalency between the two instruments was established based on calibration and controls. Once a stability study was started, the same instrument was used through the remainder of the 30 days. A Restek® Rtx®-5 fused silica column (30 m × 0.32 mm, 0.25 μm film thickness) was used for separation by GC. The MS was operated in full scan mode so that the method could be used for future stability studies in which scanning for degradation products would be required. The GC-MS method used for this analysis method was previously validated for the detection of 23 NPS, including synthetic cathinones (Nisbet et al., 2019). Although the previous study did not include α-PVP, the Nisbet et al. method was successfully validated for this analyte according to SWGTOX guidelines. Table 1 shows the retention times and ions used to monitor analyte stability throughout the study. Because the instrument was operated in full-scan, mass spectral matches were also made.


Table 1. Retention times and ions used for quantitation.

[image: Table 1]



Data Processing and Statistical Analysis

Peak area ratio and concentration were monitored to monitor the stability of the four drugs. Both peak area ratio (PAR) and linear regression are suitable methods for monitoring stability per SWGTOX validation guidelines (Scientific Working Group for Forensic Toxicology, 2013). At the appropriate retention times, peaks for each analyte and internal standard were present. Single-factor one-way analysis of variance (ANOVA) was performed on the data using Microsoft® Excel® Professional Plus 2013 to assess whether fluctuations in PAR or concentration were statistically significant throughout the 30-day studies. Performing an ANOVA evaluates whether variability in the data sets acquired in this analysis is attributed to differences in sample population means (μx) or within-sample population variability (Peck et al., 2015). This statistic evaluated acquired data based on the null hypothesis (H0) that the mean PAR, or concentration, for days 0, 3, 7, 14, and 30 at a specific storage temperature are all equal to each other (Equation 1) (Peck et al., 2015). H0 is rejected for the alternative hypothesis (H1) that the mean PAR, or concentration, is significantly different for at least one sample population when the fluctuations in PAR or concentration cannot fully be explained by within-sample population variability (Peck et al., 2015). The ANOVA performed on data sets for this study assumed a significance level (α) of 0.05, meaning that there is a 5% chance that the null hypothesis is rejected despite being true (Peck et al., 2015). A test statistic (p) is calculated for the data, and if the p-value calculated for a data set falls below α, H0 is rejected. Values have been normalized as percent change from day 0 for ease of comparison among PARs in different matrices.

[image: image]

where μx equals the sample PAR from day 0 to day x.




RESULTS AND DISCUSSION


Calibration

Calibration curves were run prior to the analysis of each stability batch. All calibration curves produced acceptable R2 (>0.99) and consistent linear regression values across the expected concentration range. PAR was, therefore, acceptable to use for the determination of analyte loss during the studies. Extracted ion chromatograms for the quantification ion of each analyte and their respective internal standards are shown in Figure 3.


[image: Figure 3]
FIGURE 3. Chromatograms of mephedrone, MDPV, naphyrone, α-PVP and their respective internal standards.




Mephedrone Stability

Table 2 shows that in MeOH, mephedrone was most stable when stored in the freezer and least stable when stored at room temperature. By day 3, samples of mephedrone in MeOH stored at room temperature showed a 32.3 ± 6.1% loss of their initial concentration (Figure 4). After 30 days, 87.6 ± 3.9% of the original mephedrone concentration had degraded (Figure 4, Table 2). By comparison, mephedrone samples in MeOH stored in the refrigerator first showed a significant loss of concentration after 14 days, indicating a 23.3 ± 9.0% loss by this time (Figure 4). After 30 days, samples stored in the refrigerator showed that 51.3 ± 5.6% of the initial mephedrone concentration had degraded (Figure 4, Table 2). The most stable of these samples were those stored in the freezer, which did not demonstrate a significant loss by day 30. Notably, mephedrone was less stable in MeOH than ACN. In ACN, mephedrone was most stable when stored in the refrigerator and freezer and least stable when stored at room temperature. The ACN solutions stored at room temperature had a 32.9 ± 9.7% reduction in PAR by day 30, 10 times the amount of time than it took for MeOH samples to experience a similar loss (Figure 5, Table 2). A significant loss of PAR exceeding the method bias was not seen by the end of the study when storing mephedrone samples in ACN at refrigerator or freezer temperatures.


Table 2. Cathinone stability in solvents.
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FIGURE 4. Percentage change from day 0 concentration on days 3, 7, 14, and 30 in methanolic solutions for the drugs which were deemed unstable, indicating storage conditions that contribute to instability.



[image: Figure 5]
FIGURE 5. Percentage change from day 0 concentration on days 3, 7, 14, and 30 in acetonitrile solutions for the drugs which were deemed unstable, indicating storage conditions that contribute to instability.


When stored at room temperature, mephedrone samples in blood showed a 25.4 ± 0.7% reduction in PAR by day 7 (Figure 6). By day 30, mephedrone samples in blood showed a 96.5 ± 0.3% loss of their initial concentration (Table 3). For samples stored in the fridge, 21.2 ± 3.3% degraded after 14 days, and in the freezer, 27.6 ± 2.4% degraded during the same period (Figure 6). By day 30, samples stored at refrigerator and freezer temperatures experienced similar losses of concentration of 24.0 ± 2.1% and 25.5 ± 7.8%, respectively (Figure 6, Table 3). When stored at room temperature, mephedrone samples in urine showed a 41.7 ± 11.5% reduction after 14 days, which did not significantly change before day 30 (Figure 7, Table 3). After the duration of the study, samples stored in the refrigerator and freezer did not show a significant difference from day 0 that exceeded the method bias.


[image: Figure 6]
FIGURE 6. Percentage change from day 0 concentration on days 3, 7, 14, and 30 in Na2EDTA-preserved human whole blood samples for the drugs which were deemed unstable, indicating under storage conditions that contribute to instability.



Table 3. Cathinone stability in biological matrices.
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[image: Figure 7]
FIGURE 7. Percentage change from day 0 concentration on days 3, 7, 14, and 30 in unpreserved human urine samples for the drugs which were deemed unstable, indicating under storage conditions that contribute to instability.




Naphyrone Stability

When stored at room temperature, naphyrone samples in MeOH indicated a 23.3 ± 2.7% loss of their original concentration by day 30 (Table 2). After the same amount of time, samples stored in the refrigerator and freezer experienced no significant change in concentration by day 30 (Table 2). When stored at room temperature, naphyrone samples in ACN showed a 26.0 ± 1.7% loss of their initial concentration, indicating similar stability to storage in MeOH, unlike mephedrone. After the same amount of time, samples stored in the refrigerator and freezer remained stable.

When stored at room temperature, naphyrone samples in blood showed high instability, losing 34.9 ± 5.7% of their original concentration by day 3 and 98.8 ± 0.2% by day 30 (Figure 6, Table 3). Notably, refrigerator storage did not substantially improve naphyrone blood sample stability, still showing losses of 20.5 ± 5.1% and 91.1 ± 2.2% by days 3 and 30, respectively. Samples stored in the freezer, however, remained stable for longer, only losing 25.4 ± 9.1% over the 30-day study (Figure 6, Table 3). Similarly, when stored at room temperature, naphyrone samples in urine showed 97.6 ± 0.6% loss of their original concentration by day 30 (Figure 7, Table 3). After the same amount of time, however, samples stored in the refrigerator and freezer remained stable (Table 3).



MDPV Stability

In MeOH, MDPV exhibited the highest stability under freezer storage temperatures and the least stability under room temperature storage temperatures (Table 2). Over the 30-day stability study, the PAR in MeOH samples stored at room temperature and in the refrigerator decreased by 44.4 ± 10.7% and 32.1 ± 12.9%, respectively. At both temperatures, samples began to show instability by day 3, losing 31.5 ± 4.9% and 29.5 ± 2.5%, respectively (Figure 4). However, at freezer temperatures, the samples showed no statistically significant loss of their initial concentration on day 0. Similarly to mephedrone, MDPV exhibited higher stability in ACN when compared to MeOH. MDPV exhibited stability when stored in ACN under room temperature, refrigerator, and freezer storage temperatures (Table 2). At the end of the 30-day stability study, none of the MDPV samples in ACN showed a statistically significant loss exceeding the method bias, regardless of their storage temperature.

In human whole blood preserved with Na2EDTA, MDPV exhibited the highest stability under freezer storage temperatures and the least stability under room temperature storage temperatures (Table 3, Figure 6). Over the 30-day stability study, the concentration of MDPV in human whole blood samples that were stored at room temperature decreased by 45.7 ± 3.2%. However, at refrigerator and freezer temperatures, the concentrations after 30 days remained stable. In unpreserved human urine, MDPV remained stable at all storage temperatures (Table 3).



α-PVP Stability

α-PVP exhibited stability in both MeOH and ACN under room temperature, refrigerator, and freezer storage conditions (Table 2). In human whole blood preserved with Na2EDTA, α-PVP exhibited stability under refrigerator and freezer storage temperatures (Table 3) but was found to be unstable at room temperature after day 14, when 30.4 ± 5.8% was lost (Figure 6). Over the 30-day stability study, the concentration of α-PVP in whole human whole blood samples that were stored at room temperature decreased by 72.3 ± 1.9%. In urine, α-PVP was found to be stable when stored at room temperature, refrigerator, and freezer conditions.



Impact of Chemical Structure

Overall, mephedrone was found to be the most affected by storage temperature, followed by naphyrone and then MDPV and α-PVP. Previous studies have shown that secondary amines are less stable than tertiary amines with, further substitutions such as a methylenedioxy group, present in MDPV, further increasing analyte stability (Tsujikawa et al., 2012; Glicksberg and Kerrigan, 2017). Our research has shown that a fused benzene ring reduces stability, which is a possible explanation for the difference in stability between naphyrone and α-PVP, with the additional fused benzene ring contributing to the electrophilicity of the structure. This highlights the importance of evaluating the chemical structures of these compounds in order to identify those which are likely to be least stable as they appear on the recreational drugs market.



Implications for Forensic Toxicology

Storage temperature plays a critical role in the stability of these four synthetic cathinones in all tested matrices (MeOH, ACN, human whole blood, and human urine). This information is essential in evaluating samples in forensic casework to give accurate results to aid in court cases, particularly those in blood and urine. Human whole blood samples thought to contain mephedrone or naphyrone should be stored under freezer conditions and analyzed as quickly as possible to discourage degradation, as even at this storage temperature, there is a loss of drug over time. However, the human whole blood used in this study contained Na2EDTA as an anticoagulant. The long-term stability of these synthetic cathinones in blood has also been evaluated when containing sodium fluoride as a preservative and potassium oxalate as an anticoagulant (i.e., the combination in gray-top tubes) (Glicksberg and Kerrigan, 2017). However, no additional studies are published on the effects of other preservatives on the stability of this compound in blood samples. Additionally, special attention should be given when evaluating post-mortem toxicological samples suspected to contain mephedrone, naphyrone, or MDPV, particularly with regards to quantitative analysis, as before samples are collected for analysis, this blood contains neither preservatives nor anticoagulants and is at room temperature. Therefore, the stability may be affected even further, particularly in circumstances where there is a prolonged interval before sample collection.

When stored at freezer temperatures, mephedrone, naphyrone, MDPV, and α-PVP were stable in both MeOH and ACN. In the refrigerator, these compounds remained stable in ACN. However, mephedrone, naphyrone, and MDPV showed instability in MeOH under refrigerator conditions, which is a significant finding. Currently, most suppliers of forensic reference material only offer these compounds in powdered form or MeOH solutions, and most recommend refrigerator storage upon arrival in the associated material safety data sheets (MSDS) and certificates of analysis (CoA). Laboratories without the proper United States Drug Enforcement Agency (US DEA) clearance must order solvent-based 1 mg/mL solutions of Schedule I compounds rather than as powders. Although the manufacturer's recommendations may hold true for unopened amber ampules with no internal exposure to air, previous research indicates that cathinones demonstrate instability with air exposure (Tsujikawa et al., 2015). The results of this study raise cause for concern once the manufacturer-supplied ampules have been opened and exposed to air. Consequently, even laboratories that follow the recommendations of the manufacturer from which they order their standards could experience detrimental effects from this instability when determining quantitative values. This is particularly relevant for substances such as synthetic cathinones, which may not be part of routine analysis, increasing the time period reference material may be in circulation within the laboratory.

The MSDS and CoA associated with cathinone standard solutions also often recommend storage in a dark location. This recommendation indicates that uncontrolled light exposure could also contribute to cathinone instability in solvents. The results presented here were acquired under uncontrolled light conditions, which may partially account for the high standard deviations sometimes associated with solvent instability over the 30 days. Although these high standard deviations did not show statistical significance indicating instability in all cases, minimizing the effects of light/dark cycles is expected to improve future analytical data. Making diluted working solutions in ACN rather than MeOH and storing them in amber vials under freezer conditions rather than the refrigerator when laboratories receive these standards may be beneficial. Taking these precautionary steps can help to safeguard against reporting concentrations that are artificially raised by degrading standard solutions used for generating calibration curves and positive controls.



Future Work

Although this paper examined the stability of mephedrone, naphyrone, MDPV, and α-PVP in MeOH, ACN, human whole blood, and human urine it did so only for a period of 30-days. Due to the continual identification of new NPSs, it may be that retrospective analysis in samples for these analytes does not happen within a 30-day window. As a result, further work is needed to establish the long-term stability of these analytes within these matrices and solvents. This study did also not investigate the impact of freeze/thaw cycles on biological samples as this parameter is investigated during method development. Although reference material typically does not freeze, cold/warm cycles still occur when this material is removed from the fridge or freezer. This impact of this parameter should, therefore, be investigated when dealing with reference material in future work. Finally, it has been shown that pH also plays a significant role in analyte stability, particularly with urine samples. However, this parameter is being investigated as part of a larger study.




CONCLUSIONS

Understanding the stability of reference material is fundamental within the field of forensic toxicology in order to ensure accurate and reliable results are reported. The use of unstable reference material can lead to the artificial inflation of results, which could have a significant impact upon the justice system and the individuals whose samples are being tested in casework. The stability of four synthetic cathinones, mephedrone, naphyrone, MDPV, and α-PVP, were assessed over a 30-day period when stored in MeOH, ACN, human whole blood, and human urine, at room, fridge, and freezer temperatures.

Overall, increased stability was shown when samples were stored in ACN, as opposed to MeOH. Mephedrone was shown to be the least stable of the four cathinones monitored and α-PVP the most. Samples showed the largest level of degradation when stored at room temperature and showed the greatest stability when stored in the freezer.

Although unopened reference material may be stable for a long period of time, this work highlights the importance of renewing reference material on a regular basis once opened.

When introducing new NPS drugs into the laboratory, analysts and reporting officers should be aware that these compounds may not be stable, and care should be taken when interpreting results. Where possible, extended stability studies should be carried out during validation to evaluate the stability of these compounds to determine the potential impact that instability may have upon casework.
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Methyl 2 -[ [ 1- (5- fluoropentyl) indole - 3- carbonyl] amino] -3, 3- dimethyl - butanoate (5F-MDMB-PICA) is a new synthetic cannabinoid characterized by valinate or tert-leucinate moieties. In recent years, 5F-MDMB-PICA has been abused in the form of “spice-like” herbal incenses or electronic cigarette oil. A UHPLC-MS/MS method was developed to detect 5F-MDMB-PICA and its metabolites in human hair. Approximately 20 mg of hair was weighed and pulverized with methanol below 4°C. After ultrasonication, centrifugation and filtration, 200 μL of supernatant was placed into an autosampler vial and analyzed on a Waters Acquity UPLC HSS T3 column (100 mm × 2.1 mm, 1.8 μm particle size) using an acetonitrile-20 mmol/L ammonium acetate (0.1% formic acid, 5% acetonitrile) gradient with a run time of 8 min. The limit of detection (LOD) ranged from 0.5 to 5 pg/mg, and the lower limit of quantitation (LLOQ) ranged from 1 to 5 pg/mg. The method was shown to be linear over a concentration range of 1–200 pg/mg. The linear correlation (R2) of the calibration curves for all analytes was >0.999. The accuracy varied from 95.4 to 107.4%, while the intra- and inter-day precision RSD values were 0.7–10.6% and 1.7–12.2%, respectively. Recoveries were within the range of 61.1–93.3%, and matrix effects were in the range of 19.1–102.6%. The validated method was successfully applied to the identification and quantification of 5F-MDMB-PICA and its metabolites in hair from authentic forensic cases.

Keywords: synthetic cannabinoid, 5F-MDMB-PICA, metabolites, UHPLC-MS/MS, hair analysis


INTRODUCTION

Recently, new psychoactive substances (NPS) have surged at an alarming rate worldwide, which has severely impacted global health problems. Contrary to traditional drugs of abuse, the structures of NPS are diverse, and the pharmacokinetic and physiological properties of most of them have never been evaluated in controlled studies, which brings great challenges to their detection and interpretation (Smith et al., 2015; Risseeuw et al., 2017). Among NPS, synthetic cannabinoids (SCs) are still the fastest-growing class of NPS monitored by the Early Warning System (EWS) of the European Monitoring Centre for Drugs and Drug Addiction (EMCDDA) (2017). As of 2017, according to EMCDDA data, 179 synthetic cannabinoids were reported (Truver et al., 2020). Illegal drug dealers and secret laboratories use the structural diversity of SCs to evade analysis and detection and to circumvent prohibition by international legislation (Debruyne and Le Boisselier, 2015; Banister and Connor, 2018a,b). Due to the illegal abuse of a large number of synthetic cannabinoids in recent years, many serious poisoning and death cases have occurred worldwide (Hess et al., 2015; Weaver et al., 2015; Chinnadurai and Srijan, 2016). At present, 5F-MDMB-PICA is relatively common in China and is mainly sold on the Internet or in retail stores in the form of shredded tobacco, tobacco leaves or e-liquid.

Methyl 2-[[1-(5-fluoropentyl)indole-3-carbonyl]amino]-3,3-dimethyl-butanoate (5F-MDMB-PICA) belongs to the class of synthetic cannabinoids. This compound was synthesized and described for the first time by Banister et al. for the purpose of pharmacological research on novel SCs characterized by valinate or tert-leucinate moieties (Banister et al., 2016). The structure of 5F-MDMB-PICA is similar to that of 5F-MDMB-PINACA, but the indazole moiety is replaced by an indole group. 5F-MDMB-PICA was first detected in herbal incense packages by Risseeuw et al. (2017). In biological matrices, the parent structure of synthetic cannabinoids is often difficult to detect, so metabolic studies are needed to improve the detection of emerging synthetic cannabinoids. To date, only the detection of 5F-MDMB-PICA and its metabolites in urine have been reported (Mogler et al., 2018; Truver et al., 2020).

The detection and quantitative analysis of NPS in different biomatrices has become a great challenge for forensic toxicology research, mainly due to the need for sensitive, reliable and specific analytical techniques. Synthetic cannabinoids are usually monitored by analyzing the parent drug and its metabolites in blood and urine samples (Presley et al., 2016; Krotulski et al., 2019). Currently, hair is one of the key sample matrices for determining drug abuse in the field of forensic science (Salomone et al., 2014). Compared with that of biological matrices such as blood and urine, hair testing has the advantages of stable target compounds, a larger detection window for drug detection, and the ability to reflect drug usage for a longer period of time (Baumgartner et al., 1989). However, few studies have examined synthetic cannabinoids and their metabolites in human hair.

To our knowledge, analytical data on 5F-MDMB-PICA and its metabolites in hair have not been published. According to reference reports, the five metabolites M2, M4, M7, M8, and M9 in urine are the main metabolites of 5F-MDMB-PICA, so these five metabolites were selected as the identification metabolites of 5F-MDMB-PICA in human hair (Mogler et al., 2018). In this study, a validated method is presented for the quantitative determination of 5F-MDMB-PICA and its five metabolites in human hair by liquid chromatography-tandem mass spectrometry (Scheme 1). The method was successfully applied to authentic hair samples from real cases.


[image: Scheme 1]
SCHEME 1. Chemical structures of 5F-MDMB-PICA and its metabolites used for method validation.




MATERIALS AND METHODS


Reagents and Chemicals

A standard of 5F-MDMB-PICA was purchased from Cayman Chemical Company (Michigan, USA). Standards of metabolites M2, M4, M7, M8, and M9 were provided by Glpbio (California, USA). The deuterated internal standard (IS) JWH-018 4-hydroxypentyl metabolite-D5 was purchased from Cerilliant (Texas, USA). High-performance liquid chromatography-grade methanol and acetonitrile were obtained from Sigma-Aldrich (St. Louis, MO, USA). Analytical-grade isopropanol was provided by Shanghai Lingfeng Chemical Reagent Co. (Shanghai, China). Formic acid (≥98%) and ammonium acetate (≥98%) were obtained from Fluka (Buchs, Switzerland). Ultrapure water was prepared using a Millipore AFS-10 water purification system (Billerical, MA, USA).



Hair Samples

Hair samples from healthy laboratory drug-free volunteers were used to prepare standard curves and quality control (QC) samples. Hair samples were obtained from suspected 5F-MDMB-PICA users. All individuals provided written informed consent.



Preparation of Calibration Standards and Quality Control Samples

A 1 μg/mL stock solution containing 5F-MDMB-PICA and its metabolites was prepared with methanol. From this stock solution, working solutions with concentrations of 200, 50, 10, 5, 1, and 0.5 ng/mL were prepared with methanol. A 10 μg/mL IS stock solution was diluted with methanol to provide the IS working solution with a concentration of 100 ng/mL.

Calibration standards were prepared by spiking blank hair with the working solution to obtain final concentrations of 1, 2, 5, 10, 20, 50, 100, and 200 pg/mg for 5F-MDMB-PICA, M2, and M9; 2, 5, 10, 20, 50, 100, and 200 pg/mg for M4 and M7; and 5, 10, 20, 50, 100, and 200 pg/mg for M8. Quality control (QC) samples were prepared at four concentrations, namely, the LLOQ and low, medium and high concentrations. The QC concentrations of 5F-MDMB-PICA, M2 and M9 were 1, 10, 50, and 150 pg/mg; the QC concentrations of M4 and M7 were 2, 10, 50, and 150 pg/mg; and the QC concentrations of M8 were 5, 20, 50, and 200 pg/mg. All the standard stock solutions, working solutions and QC samples were stored at −20°C before use.



Instrumentation

LC-MS/MS analysis was performed using an Acquity™ Ultra performance LC I-CLASS (Waters, USA) coupled with a Sciex 6500 Plus Q-trap™ quadrupole mass spectrometer (Sciex, Foster City, USA) with electrospray ionization (ESI). Data acquisition and processing were performed by MultiQuant 3.0.2.

Chromatographic separation was performed with a Waters Acquity UPLC HSS T3 column (100 mm × 2.1 mm, 1.8 μm particle size) using linear gradient elution. Mobile phase A (MPA) consisted of 0.1% formic acid, 20 mmol/L ammonium acetate and 5% acetonitrile. Mobile phase B (MPB) was acetonitrile. The gradient elution used was as follows: start at 0 min with 70% solvent A and 30% solvent B, held for 1 min; 1–2 min linear rate to 85% B, 2–6 min linear rate to 90% B; 6–7 min with 90% B, held for 1 min; 7–7.1 min return to initial conditions, 30% B; 7.1 8 min with 30% B, held for 0.9 min. was programmed as shown in Table 1. The flow rate was 0.3 mL/min, and the total run time was 8 min. The injection volume was 5 μL.


Table 1. MRM parameters and retention times for 5F-MDMB-PICA, its metabolites and the IS.
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The mass spectrometer was operated in multiple reaction monitoring (MRM) mode. The ESI source settings were as follows: source mode, positive; source temperature, 500°C; curtain gas (CUR, nitrogen), 18 psi; ion spray voltage (ISV), 5,500 V; collision cell exit potential (CXP), 10 V; entrance potential (EP), 10 V; collision activation dissociation (CAD) gas, low; ion source gas 1 (GS1), 40 psi; and ion source gas 2 (GS2), 35 psi. A summary of the MRM parameters and retention times is shown in Table 1.



Sample Preparation

Hair samples were consecutively washed once with isopropanol and twice with water and dried at room temperature. The hair samples were then cut into 1–2 mm pieces with scissors for further study. Hair (20 mg) was weighed into 2 mL tubes. Mix the extraction solvent methanol solution with 1 μg/mL IS working solution to prepare 20 pg/mg IS extraction solution. Ceramic beads (1 mm) were added before the addition of the mixture solution of methanol solution and the IS (20 pg/mg). Hair samples were then homogenized using the BeadRuptor system (OMNI, USA). The settings for pulverization were as follows: temperature, below 4°C; speed, 6 m/s; time, 20 s; dwell time 40 s; and cycles, 10. The samples were then sonicated in an ice bath for 15 min and centrifuged for 5 min at 13,500 × g. Approximately 200 μL of the supernatant was removed and filtered through a 0.22 μm filter membrane (Sinopharm Chemical Reagent Co., Ltd., China). The filtrate was transferred into the autosampler vial, and 5 μL was injected into the LC-MS/MS system.



Method Validation

Analytical method validation was carried out according to international guidelines (Peters et al., 2007; Scientific Working Group for Forensic Toxicology, 2013; Desharnais et al., 2014). Validation parameters, such as selectivity, limit of detection (LOD), lower limit of quantification (LLOQ), linearity, accuracy, precision, recovery, matrix effect and stability, were evaluated.


Selectivity

Selectivity was evaluated by analyzing 10 blank hair samples obtained from ten drug-free volunteers to check potential endogenous interferences from matrix components with the signals of analytes and the IS.



LOD and LLOQ

The LOD was defined by evaluating the signal/noise (S/N) ratio of three replicates of spiked blank hair samples at decreasing concentrations. A S/N of at least 3:1 was selected as the LOD, while the LLOQ was determined as the concentration having a S/N ≥ 10, and both required accuracy and precision values < ±20%.



Linearity, Accuracy, and Precision

Linearity was verified from six duplicates with concentrations of 1, 2, 5, 10, 20, 50, 100, and 200 pg/mg from the “in-house” certified drug-free hair. The deviation value of the LLOQ sample on the linearity does not exceed 20%, and the deviation value of other samples does not exceed 15%. Accuracy refers to “the difference between the value of the test result and the acceptable reference value.” It is usually expressed as the percentage deviation of the average of the test results from the acceptable reference value. Precision refers to “the closeness of agreement (degree of scatter) between a series of the test results obtained from multiple sampling of the same homogenous sample under the prescribed conditions,” and is usually expressed in terms of relative standard deviation (RSD). Accuracy and precision were assessed for hair samples by measuring six replicates at the LLOQ and QC samples. Intra-day precision and accuracy were determined by analyzing six replicates on a single day, while inter-day precision and accuracy were evaluated by analyzing six replicates prepared daily for 4 days. The maximum acceptable accuracy for QC samples does not exceed 85–115%, and for LLOQ samples it does not exceed 80–120%. The CV value of intra-day precision and inter-day precision is not more than ±15% for QC samples and not more than ±20% for LLOQ samples.



Recovery and Matrix Effect

The matrix effect and recovery experiments were designed according to the experimental scheme proposed by Matuszewski et al. (2003). Recovery and matrix effects were measured by analyzing QC samples with six replicates. The samples were divided into three groups: pre-extraction spiked samples (A), post-extraction spiked samples (B) and neat solution (C). The matrix effect was calculated by B/C, and recovery was calculated by A/C.



Dilution Integrity

Hair samples at concentrations of 1,000 and 2,000 pg/mg were prepared. Hair samples with concentrations of 1,000 pg/mg (n = 6) and 2,000 pg/mg (n = 6) were diluted 10 times and 100 times, respectively, after extraction. Dilution integrity was evaluated by determining the precision and accuracy.



Stability

Three QC samples at low, medium and high concentrations were used from six batches and stored in the autosampler at 4°C for 24, 48, and 72 h to investigate the stability of 5F-MDMB-PICA and its metabolites in extracts.




Application to Real Cases

The validated method was applied to four authentic forensic cases. All hair samples came from suspected drug users. The hair samples were washed, and 1–6 cm sections of the hair samples were cut and divided into 1–3 and 4–6 cm sections. Each section of hair was cut into ~1–2 mm pieces for analysis of the presence of drug of abuse. Four suspicious users provided written informed consent.




RESULTS AND DISCUSSION


Method Development

To obtain good chromatographic separation and symmetrical peak shape, the chromatographic conditions were optimized. After investigation, different gradient mobile phases were able to separate 5F-MDMB-PICA and its metabolites at a flow rate of 0.3 mL/min. The retention times of 5F-MDMB-PICA and its metabolites are shown in Table 1. The collision energy and declustering voltage were optimized to obtain suitable precursor and product ions.

There have been some reports in the literature on the choice of organic solvents to extract synthetic cannabinoids in hair (Hutter et al., 2012; Salomone et al., 2012, 2014; Gottardo et al., 2014), although methanol is the most common solvent for extracting drugs from hair. To optimize the extraction solvent of 5F-MDMB-PICA and its metabolites, methanol, an EM solution (a mixture of methanol, acetonitrile, and 2 mM ammonium formate) and n-hexane:ethyl acetate (9:1, v/v) were used as extraction solvents to evaluate their extraction recovery. The result shows the extraction recoveries of 5F-MDMB-PICA and its metabolites using these different extraction solvents. The extraction recoveries of the target analytes with methanol were significantly higher than those achieved with the other two extraction solvents; hence, methanol was chosen for subsequent analyses. To obtain a good extraction recovery and absence of a significant matrix effect, 5F-MDMB-PICA and its metabolites were filtered with different filter membranes. This showed that the extraction recovery rates of 5F-MDMB-PICA and its metabolites on polyethersulfone (13 × 0.22 mm), nylon (13 × 0.22 mm), nylon (13 × 0.45 mm) and acrodisc (13 × 0.2 mm) filter membranes were high; however, because of their relative matrix effects, these filters were not selected. In addition, the material of polytetrafluoroethylene 1 (13 × 0.22 mm) and polytetrafluoroethylene 2 (13 × 0.22 mm) are the same, but the manufacturers of the two are different, which may cause different production processes. After investigating these two types of membranes, it was found that the extraction recoveries of polytetrafluoroethylene 1 (13 × 0.22 mm) and polytetrafluoroethylene 2 (13 × 0.22 mm) were essentially the same; both of them were higher than 85%, although the matrix effect of polytetrafluoroethylene 2 (13 × 0.22 mm) was better than that of polytetrafluoroethylene 1 (13 × 0.22 mm). Therefore, polytetrafluoroethylene 1 (13 × 0.22 mm) was chosen as the membrane for filtration.



Method Validation

No interference was observed with any of the analytes, including the IS, in the 10 hair samples obtained from drug-free volunteers.

The LOD and LLOQ of the analytes are shown in Table 1. The LOD ranged from 0.5 to 5 pg/mg, while the LLOQ ranged from 1 to 5 pg/mg (Scheme 2). According to the reference (Peters et al., 2007), for LLOQ, S/N is usually required to be equal to or >10; in contrast to the LLOQ determination, for LOD a S/N or k-factor equal to or greater than three is usually chosen. In our experiment, the S/N of 5F-MDMB-PICA, M2, M4, M7, M8, and M9 at LOD concentration are 3.1, 5.7, 3.8, 4.9, 5.6, and 3.6, respectively; while the S/N at LLOQ concentration are 10.8, 13.4, 11.2, 13.6, 12.7, and 10.9, respectively, and the precision and accuracy of LLOQ concentration meet criteria. In general, LLOQ concentration is 3 times the LOD concentration, but in some cases LLOQ concentration is not 3 times the LOD concentration. For example, according to the reference (Scientific Working Group for Forensic Toxicology, 2013), it is determined that the LOD concentration is 8.8 ng/mL and the LLOQ concentration is 10 ng/mL. Considering the reference literature and the experimental results of multiple compounds, it is determined that LLOQ concentration is twice the LOD concentration. This method had higher selectivity than those of other procedures published in the literature and exhibited improved sensitivity (Salomone et al., 2014). The linearity of each analyte is shown in Table 2, with correlation coefficients (R2) all higher than 0.999. The linear range of 5F-MDMB-PICA, M2 and M9 was 1–200 pg/mg; that of M4 and M7 was 2–200 pg/mg; and that of M8 was 5–200 pg/mg. The deviation value of the LLOQ concentration point on the linearity is <20%, while the deviation value of the other concentration points is <15%.


[image: Scheme 2]
SCHEME 2. Chromatograms of 5F-MDMB-PICA and its metabolites extracted from human hair at the LLOQ (I pg/mg for 5F-MDMB-PICA, M2, M9; 2 pg/mg for M4, M7; and 5 pg/mg for M8).



Table 2. Linearity, LOD, and LLOQ for 5F-MDMB-PICA and its metabolites in hair.
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The intra- and inter-day precision and accuracy of all of the analytes at four levels are summarized in Table 3. The intra-day precision ranged from 0.7 to 10.8%, and the accuracy varied between 95.4 and 107.4% (n = 6). The inter-day precision ranged from 1.7 to 12.2%, and the accuracy varied between 95.0 and 102.8% (n = 6). In general, the RSD values of the intra- and inter-day precision and accuracy of the three QC samples were <15%, while the RSD values of the LLOQ samples were <20%. Intra-day and inter-day precision and accuracy values met the acceptance criteria.


Table 3. Intra-day and inter-day accuracy and precision, matrix effect and recovery for 5F-MDMB-PICA and its metabolites in hair.
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The results of the recovery and matrix effect are shown in Table 3. The matrix effect ranged from 19.1 to 102.6%. However, ion suppression occurred for 5F-MDMB-PICA and M8 in the hair matrix. Even at a low concentration, the matrix effect ranged from 19.7 to 33.6%. Whether this was indeed a systematic effect needs to be clarified; however, the relative standard deviation of the six different samples for each matrix was <5.8%. The recoveries of all the analytes were within a range of 61.1–93.3% for the three QC samples and for the LLOQ samples. According to the reference (Goebel et al., 2013), in hair matrix, however, only ion suppression was found. Even at a low concentration (5 pg/mg) absolute matrix values range from 15.4 to 71.5%. The matrix effect of compounds is easily affected by the concentration, and the lower the concentration, the higher the influence of the matrix effect. Affected by the physical and chemical properties of the compound, the polarity of 5F-MDMB-PICA is small, while the polarity of its metabolites is relatively large. We speculated that a competitive relationship was formed during the ionization process of 5F-MDMB-PICA and its metabolites. The ionization efficiency of 5F-MDMB-PICA was reduced, resulting in ion suppression. In addition, 5F-MDMB-PICA and its metabolites should be considered at the same time during sample preparation, which may also affect the matrix effect of 5F-MDMB-PICA. In the method validation, the linearity, precision and accuracy all meet the requirements.

The effect of dilution on precision and accuracy was investigated. The accuracies were 93–109%, and the RSD values were within 3.7%, demonstrating no detrimental impact of dilution.

The RSD values of 5F-MDMB-PICA and its metabolites stored at 4°C for 24, 48, and 72 h were 97–104%, 97–103%, and 97–105%, respectively. The RSD values were all within 20%, indicating that these analytes were sufficiently stable in hair. The stability results are shown in Table 4.


Table 4. Stability of 5F-MDMB-PICA and its metabolites in human hair.
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Application to Cases

The LC-MS/MS method was applied to the determination of 5F-MDMB-PICA and its metabolites in four authentic forensic cases (see Table 5 and Scheme 3).


Table 5. Case Information and toxicology results.
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SCHEME 3. Ion chromatograms of case 3.



Case 1

A 23-year-old female with a history of smoking was introduced by a friend that smoking e-liquid is more fun than smoking regular tobacco cigarettes. She smoked e-liquids many times without knowing their composition. The individual developed hallucinations and euphoria after smoking and fell down a set of stairs. She was found by her family, who promptly sent her to the hospital. She recovered after rescue and 5F-MDMB-PICA and its metabolites were detected in her hair. The concentrations of 5F-MDMB-PICA were 77 and 283 pg/mg in the proximal 1–3 and 4–6 cm sections of her hair, respectively. Only metabolite M7 was detected in the 1–3 cm sections, and its concentration was lower than the LLOQ. The metabolites M2 and M7 were detected at 4–6 cm, and their concentrations were also lower than the LLOQ.



Case 2

A 53-year-old male with high blood pressure purchased e-liquids several times on the Internet. After the last inhalation, he developed tachycardia, convulsions and shock. Upon discovery, he was admitted to the hospital for treatment but died of cerebral hemorrhage. 5F-MDMB-PICA and its metabolites were detected in both 1–3 and 4–6 cm sections of the hair. Metabolites M4, M7, M8, and M9 were detected in the 1–3 cm hair section, and their concentrations were all lower than the LLOQ. All metabolites are detected in the 4–6 cm hair section and were lower than the LLOQ.



Case 3

A 25-year-old male with a long history of drug abuse attended a gathering of friends. He drank alcohol and smoked e-liquid and K powder at the party. During this period, he suddenly experienced shock, convulsions and tachycardia. This individual was seen by a doctor soon after and recovered without sequelae. The police found a large amount of e-liquid and K powder at the scene. According to the existing method of our forensic toxicology laboratory, the concentration of K powder in the hair was qualitatively and quantitatively determined to be 200 pg/mg (Zhuo et al., 2020). The concentrations of 5F-MDMB-PICA detected in the 1–3 and 4–6 cm hair sections were 275 and 1,025 pg/mg, respectively. The concentration of metabolite M7 was 2.8 pg/mg in the 1–3 cm hair section, and the concentrations of M2 and M8 were both lower than the LLOQ. In addition, the concentrations of metabolites M2 and M7 were detected in the 4–6 cm hair section at 3.0 and 5.6 pg/mg, respectively, and the concentrations of the remaining metabolites were lower than the LLOQ.



Case 4

A 36-year-old male was meeting with friends at an entertainment venue. The police received a report that someone in the crowd took drugs. A man and his friend were detained and found to have a large amount of suspicious white powder and liquid at the scene. The man said that he had smoked the e-liquid for the first time under unknown circumstances. After testing, the suspicious white powder and liquid at the scene were found to be fentanyl and 5F-MDMB-PICA. No fentanyl was detected in his hair (Qin et al., 2019). The 5F-MDMB-PICA concentration was 2 pg/mg, and its metabolites were lower than the LLOQ in the 1–3 cm hair section of the individual, while 5F-MDMB-PICA and its metabolites were negative in the 4–6 cm sections.




Comparison With Previous Research

It has been reported in some studies that LC-MS/MS methods can be used to analyse other synthetic cannabinoids in human hair. The limit of detection of this study was the same as that of a previous study and reached the pg level (Arbouche et al., 2019; Cho et al., 2020). Chinese hair is similar to Korean and Japanese hair. Cho et al. (2020) studied the distribution of synthetic cannabinoids and metabolites in the hair of Korean drug users. The concentrations of AB-CHMINCA and its metabolite M2 were 2.5–13,500.0 and 0.5–35.1 pg/mg, respectively, and the concentration of the precursor drug was greater than the concentrations of metabolites in all cases. Moreover, Arbouche et al. (2019) detected a higher concentration of AB-PINACA in head hair than in pubic hair and detected a very low concentration of AB-PINACA in urine, which may be caused by rapid metabolism, and pubic hair is easily contaminated by urine.

The growth rate of human hair is ~0.7–1.4 cm per month, and hair can accurately reflect the medication history of an individual. Generally, a proximal 1 cm of hair can roughly reflect the medication history of an individual in the past month. We analyzed 5F-MDMB-PICA and its metabolites in the 1–6 cm section in four individuals suspected of drug use, reflecting the medication situation in the past 6 months. The individuals in cases 1 and 2 had 5F-MDMB-PICA in their 1–6 cm hair section samples, and the metabolite concentrations were low, below the LLOQ, indicating that the drug had been consumed within 6 months, but only a small amount of the drug was consumed. The individual from case 3 had higher concentrations of the precursor drug and its metabolites than the individuals from cases 1 and 2 in the 1–6 cm hair section, indicating that he had taken 5F-MDMB-PICA for a long time and had consumed a large amount of this drug in the past 6 months. In case 4, 5F-MDMB-PICA was only detected in the 1–3 cm hair section of the individual, the concentration was very low, and the concentrations of metabolites were lower than the LLOQ, supporting the idea that the individual had taken the drug for the first time. The concentration of 5F-MDMB-PICA detected in human hair samples is much higher than the concentration of its metabolites. 5F-MDMB-PICA undergoes metabolic reactions such as hydrolysis, hydroxylation or oxidation in the body to produce metabolites, which increase the polarity of metabolites (Mogler et al., 2018). Therefore, metabolites are not easily combined with the keratin matrix in human hair, which may result in lower levels of metabolites in human hair. In addition, studies have reported that some people have detected synthetic cannabinoids in hair samples of individuals that have not taken those drugs, which indicates that some drug powders or fumes can cause external contamination of hair samples or that an additional route of synthetic cannabinoid absorption by hair, such as sidestream smoke, may cause false positive results (Hutter et al., 2012; Saito et al., 2014). Therefore, analysis of the precursor drug and its metabolites in hair provides useful information for analysis. In this study, we detected metabolites of 5F-MDMB-PICA when analyzing 4 real hair samples. Metabolite M7 (m/z 363.1) is the most abundant metabolite among the 4 real hair samples. According to previously reported data on SCs containing tert-leucine methyl ester substituents (such as MDMB-CHMICA), this metabolic step of ester hydrolysis is usually one of the main reactions in vivo (Grigoryev et al., 2016). In addition, we detected four other metabolites of 5F-MDMB-PICA in real human hair samples, M2, M4, M8, and M9. Previously, Mogler et al. (2018) detected 12 phase I metabolites of 5F-MDMB-PICA in the analysis of real urine samples. Compound M12 (m/z 363), which is the same as metabolite M7 in human hair, is also the most abundant metabolite in all real urine samples and is formed by the hydrolysis of terminal methyl esters. As described in Table 4, it was found that 5F-MDMB-PICA was the main compound detected in the hair samples, and its abundance was higher than that those of its metabolites M2, M4, M7, M8, and M9. The metabolites in this study are the same as the metabolites of 5F-MDMB-PICA detected in urine (Mogler et al., 2018). In addition, metabolite M7 is also formed as an artificial product through the hydrolysis of methyl esters during smoking. If M7 condenses on hair, it may be falsely determined as 5F-MDMB-PICA consumption when analyzing the metabolites of synthetic cannabinoids in hair. Therefore, the interpretation of metabolites should be treated with caution.




CONCLUSION

This study describes the development and validation of an LC-MS/MS procedure for the identification and quantification of 5F-MDMB-PICA and its metabolites in human hair. The method was successfully applied to four individuals suspected of the use of a synthetic cannabinoid in which 5F-MDMB-PICA was detected.
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Consumption of synthetic cathinones, the second largest class of new psychoactive substances (NPS) reported worldwide, represents a serious public health risk. One of the biggest challenges created by the rapid spread of NPS on the illegal drug market is the discovery of selective biomarkers for their detection in biological matrices, which is only possible through the study of their metabolic profile. The synthetic cathinones 4′-methyl-N,N-dimethylcathinone (4-MDMC), 4′-methyl-N,N-diethylcathinone (4-MDEC), 4′-chloro-α-pyrrolidinovalerophenone (4Cl-PVP), and 4′-chloroethylcathinone (4-CEC) are NPS recently seized in Europe, and, with the exception of 4-CEC, no metabolism study was reported for these cathinones. With the ultimate goal of overcoming this gap, these cathinones were incubated in vitro in human and rat liver microsomes in the presence of Phase I and II (glucuronidation) co-factors, using α-pyrrolidinovalerophenone (α-PVP) as positive control. The metabolite identification was performed by liquid chromatography coupled to tandem high resolution mass spectrometry (LC-HRMS/MS). This allowed the identification of multiple Phase I and glucuronide metabolites of the selected cathinones. Additionally, a new glucuronide conjugate, derived from the recreational drug α-PVP, was herein identified for the first time. Importantly, we have demonstrated that 4-MDMC and 4-MDEC can act as prodrugs of the controlled substances 4-MMC and 4-MEC, respectively. The metabolites herein identified are expected to play an important role not only by acting as potential selective biomarkers of the intake of the synthetic cathinones selected for this study but also to understand their potential adverse effects and link these causative agents to toxicities, thereby helping in the treatment of non-fatal intoxications.

Keywords: 4-CEC, 4Cl-PVP, 4-MDEC, 4-MDMC, LC-HRMS, glucuronides, Phase I, metabolites


INTRODUCTION

NPS are a range of substances, mostly synthetic, that have been emerging in the recreational drugs market with the purpose of mimicking the effects of classic drugs and circumvent legislation restrictions against illicit substances (German et al., 2014). The term NPS, according to the Directive (EU) 2017/2103 (EU, 2017) designates substances that are not covered by the Single Convention on Narcotic Drugs of 1961 neither by the Convention on Psychotropic Substances of 1971 but are likely to present health or social risks comparable to that posed by substances listed in those conventions. Despite the rapid spread of NPS over the last 10 years, the number of first detections of NPS, reported to the European Monitoring Center for Drugs and Drug Addiction (EMCDDA) through the European Union Early Warning System (EWS), has recently slowed-down, most likely due to changes in drug policies (EMCDDA and EUROPOL, 2019; EMCDDA, 2020) Nevertheless, the around 50 novel NPS that are still reported annually by EWS, together with the circulation in the market of about 400 previously reported NPS, pose serious health risks and constitute a great challenge for health and forensic institutions (EMCDDA, 2020). Importantly, until December 2019, a total of 790 NPS were monitored by EMCDDA (2017) overall, these represent more than three times the number of drugs currently controlled by international conventions.

Synthetic cathinones, the second largest group of NPS reported worldwide (UNODC, 2018; EMCDDA, 2020) are β-keto phenethylamines, structural analogs of cathinone, the major psychoactive alkaloid present in the leaves of Catha edulis. This plant, usually known as khat, is native from eastern Africa and southern Arabia, where it has been used, over centuries, due to its stimulant effects (Valente et al., 2014; Pieprzyca et al., 2020). In fact, synthetic cathinones are known to produce psychostimulant effects similar to methamphetamine, cocaine, or MDMA (ecstasy) by interacting with the plasma membrane transporters of the monoamine neurotransmitters, dopamine, norepinephrine, and serotonin, increasing their synaptic cleft concentration (German et al., 2014; Weinstein et al., 2017).

Synthetic cathinones were initially synthesized as an attempt to find new products with therapeutic applications due to their structural similarity with amphetamines (Kelly, 2011). Although some cathinones have been approved (FDA, 2020) and marketed as therapeutic agents, mainly as antidepressants or appetite suppressants (Arias et al., 2009; Kelly, 2011; Kang and Park, 2012; German et al., 2014; Onakpoya et al., 2016; FDA, 2020), most of them were banned or withdrawn from the market due to serious adverse effects or their potential misuse. Nonetheless, some cathinones are still in clinical use. One representative example is buproprion, which is an uncontrolled drug and is clinically used, mainly in the treatment of depression (Carroll et al., 2014; Costa et al., 2019; FDA, 2020).

The increase of acute intoxication and deaths associated with the consumption of cathinones (and other NPS) (Weinstein et al., 2017; Zaami et al., 2018) has resulted in their continuous inclusion in the International Drug Control Convention (UNODC, 2020), based on their risk assessment. Since 2015, 11 synthetic cathinones were included in the Schedule II of the Convention on Psychotropic Substances of 1971 (UNODC, 2020): mephedrone (4-MMC), methylenedioxypyrovalerone (MDPV), and methylone (in 2015); α-pyrrolidinopentiophenone (α-PVP) (in 2016); 4′-methyl-N-ethylcathinone (4-MEC), pentedrone and ethylone (in 2017); ephylone (in 2019); 4′-chloromethcathinone (4-CMC), N-ethylhexedrone (NEH), and α-pyrrolidinohexanophenone (α-PHP) (in 2020).

Metabolic profiling of cathinones is crucial not only to understand potential adverse effects and link causative agents to toxicities but also to identify unique biomarkers of their intake, that will allow their unequivocal identification in biological matrices. Some cathinones undergo extensive metabolism in vivo (Uralets et al., 2014; Ellefsen et al., 2016), which is translated into low or even negligible urinary levels of the parent cathinone. Therefore, for these cases, the detection of cathinone's metabolites in biofluids, is the only possible way of proving the consumption of these NPS, in particular several hours after its intake. However, the metabolic profiles of most of the recently reported synthetic cathinones remain unknown. In fact, the large number of new substances that appear in the market makes it difficult for the authorities to respond with the needed analytical methodologies and metabolic studies for the identification and quantification of parent NPS and their metabolites in biofluids. In this regard, in vitro approaches, in particular liver microsome incubations, have proved their utility for studying the metabolic profile of cathinones (Meyer et al., 2010, 2012; Pedersen et al., 2013; Helfer et al., 2015; Negreira et al., 2015; Pozo et al., 2015).

With the ultimate goal of contributing for a proactive response in tackling the NPS problem, and within the scope of a protocol established between the Forensic Science Laboratory from Portuguese Criminal Police and the Lisbon University (Instituto Superior Técnico and Faculty of Sciences), the present work is aimed at determining the metabolite profile of four selected para-substituted cathinones: 4′-methyl-N,N-dimethylcathinone (4-MDMC), 4′-methyl-N,N-diethylcathinone (4-MDEC), 4′-chloro- α-pyrrolidinovalerophenone (4Cl-PVP) and 4′-chloro-N-ethylcathinone (4-CEC) (Figure 1). The cathinone 4-MDMC is a structural isomer of the controlled drug 4-MEC and pentedrone. 4-MDMC is structurally-related to amfepramone (DMC) and 4-MDEC is an isomeric structure of the recently scheduled drug NEH. Both these cathinones were seized for the first time during 2014 (EMCDDA, 2015) 4Cl-PVP and 4-CEC were reported in 2015 (EMCDDA, 2016) and 2016 (EMCDDA, 2017), respectively. Importantly, 4-MDEC was the most cytotoxic cathinone tested in HepG2 cells, in our previous work (Gaspar et al., 2018) and 4-MDMC was one of the five most seized cathinones in EU, during 2016, while 4-CEC was the second one with highest overall quantities of seized products (EMCDDA, 2017). All the four selected cathinones are controlled in Portugal (Decree Law 15/93 and Decree Law 54/2013) and only 4-CEC has already been subject of metabolism studies (Fabregat-Safont et al., 2020; Wagmann et al., 2020).
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FIGURE 1. Structures of the synthetic cathinones used in the current study.




MATERIALS AND METHODS


Chemicals and Biochemicals

The analytical standards of the hydrochloride salts of the selected cathinones (purity >97%) used in this work were previously obtained and characterized within the scope of the protocol established between the Faculty of Sciences of the University of Lisbon (FCUL) and the Forensic Science Laboratory from Portuguese Criminal Police (LPC-PJ): 4-MDMC, 4-MDEC and α-PVP were synthesized at FCUL, as described by Gaspar et al. (2018), while 4Cl-PVP and 4-CEC were obtained from seized samples provided by LPC-PJ (Antunes et al., 2020). Rat and human liver microsomes were obtained from Thermo Fisher Scientific-Gibco. All other commercially available reagents were acquired from Sigma-Aldrich Química, S.A. and used as received.



Incubation of Cathinones With Human and Rat Liver Microsomes


Generation of Phase I Metabolites

Cathinones, at a concentration of 10 μM (1 μL, 5 mM water solution), were incubated with human liver microsomes (HLM) and rat liver microsomes (RLM) (1 mg/mL), NADPH (20 mM, 1 μL), for a total incubation volume of 200 μL in 50 mM ammonium bicarbonate buffer at pH 7.4. Each incubation was run in duplicate. Control incubations were conducted in the same conditions: (1) using water as a negative control, in the absence of cathinone; (2) in the absence of the NADPH cofactor; and (3) using heat-denatured (90°C, 15 min) microsomes. Incubation of α-PVP, was run at the same conditions, as a positive control incubation. The mixtures were incubated at 37°C and 100 μL aliquot was collected following 2 h of incubation. Acetonitrile (100 μL) was then added to quench the reactions. Following centrifugation at 10,000 g for 15 min at room temperature, the supernatants were collected and analyzed by liquid chromatography-tandem high resolution mass spectrometry (LC-HRMS/MS).



Generation of Phase II Metabolites

HLM and RLM (1 mg/mL) were preincubated for 15 min, in ice, with alamethicin (4 μL, 5 mgmL−1) in 50 mM ammonium bicarbonate buffer at pH 7.4, for a total incubation volume of 200 μL. Following the addition of MgCl2 (400 mM; 1 μL) and cathinone (10 μM final concentration; 1 μL, 5 mM water solution), the resulting solution was incubated for 5 min at 37°C. NADPH (20 mM, 1 μL) and UDPGA (250 mM, 10 μL) were then added to start the Phase I and II reactions. Incubations were run in duplicate. Control incubations were conducted in the same conditions: (1) using water as a negative control, in the absence of cathinone; (2) in the absence of the NADPH and UDPGA cofactors; and (3) using heat-denatured (90°C, 15 min) microsomes. Incubation of α-PVP, was run at the same conditions, as a positive control incubation. The mixtures were incubated at 37°C and a 100 μL aliquot was collected following 2 h of incubation. Acetonitrile (100 μL) was then added to quench the reactions. Following centrifugation at 10,000 g for 15 min at room temperature, the supernatants were collected and analyzed by LC-HRMS/MS.




Liquid Chromatography-Tandem High Resolution Mass Spectrometry (LC-HRMS/MS) Analyses

LC-HRMS/MS analyses were performed on a Bruker Impact II quadrupole time-of-flight mass spectrometer equipped with an ESI source (Bruker Daltoniks, Bremen, Germany). Chromatographic separations were performed on: (1) an Ultimate 3000 RSLCnano system (ThermoFisher Scientific) using a Luna C18 column (3.0 μm, 2.0 × 150 mm; Phenomenex) and an elution gradient of 0.1% formic acid in water (mobile phase A) and 0.1% formic acid in acetonitrile (mobile phase B) at a flow rate of 170 μL/min. The elution conditions were as follows: 5–50% B for 6 min; 50–100% B for 4 min; isocratic elution with 100% B for 5 min; 100–5% B for 4 min; and finally, 5% B for 9 min; or (2) an Ultimate 3000 RSLCnano system (ThermoFisher Scientific) using a HypersilGold C18 column (2.1 × 150 mm,1.9 μm particle size; ThermoFisher Scientific) at a flow rate of 200 μL/min. The elution conditions were as follows: 5% B for 2.4 min; 5–25% B for 2.1 min; 25–70% B for 4.1 min; 70–100% B for 3 min; 100% B for 3 min; 100–5% B for 2 min; and finally 5% B for 6 min. In either instance, the injection volume was 10 μL. The column and the autosampler were maintained at 40 and 8°C, respectively. The mass spectrometric parameters were set as follows: end plate offset, 500 V; capillary voltage, 4.5 kV; nebulizer, 40 psi; dry gas, 8 L/min; heater temperature, 200°C. Spectra were acquired in the positive electrospray ionization mode ESI (+). Internal calibration was performed for sodium formate cluster, with a sodium formate solution introduced to the ion source via a 20 μL loop at the beginning of each analysis using a six-port valve. Calibration was then performed using high-precision calibration mode (HPC). Acquisition was performed in the m/z 50–1,000 range and in a data-dependent MS/MS mode with an isolation window of 0.5, acquisition rate of 3 Hz and a fixed cycle time of 3 s. Precursor ions were selected for auto MS/MS at an absolute threshold of 153, with the active exclusion mode set at three spectra and released after 1 min, but precursor ions with intensities in the range of 5x the previous intensities were reconsidered.



Data Processing

The acquired data were processed by DataAnalysis 4.1 software (Bruker Daltoniks). Extracted ion chromatograms (EIC), with a mass window of ± 5 ppm, were performed for searching the protonated molecule of the expected metabolites in the full scan spectra. Isotope cluster analysis was also used to identify chlorinated metabolites. All spectra corresponding to metabolites were then manually checked. The mass deviation from the accurate mass of the identified cathinone metabolites remained below 5 ppm for the precursor and below 10 ppm for product ions. The MS/MS spectra of the four selected cathiones and their identified metabolites are displayed in the Supplementary Material (Supplementary Figures 1–20).




RESULTS AND DISCUSSION

Taking into consideration that liver microsome incubations were already successfully used for the generation of metabolites that occur in vivo for other cathinones (Meyer and Maurer, 2010; Meyer et al., 2010, 2012; Strano-Rossi et al., 2010; Negreira et al., 2015), this in vitro model was used for the identification of the metabolite profile of the four para-substituted cathinones, 4-MDMC, 4-MDEC, 4Cl-PVP, and 4-CEC, selected for this study. HLM and RLM incubations were run for each of these cathinones. This decision was made based on our previous work (Godinho et al., 2018), where considerably more metabolites were identified in the incubations of the anti-HIV drug etravirine run in the rat liver S9 fraction when compared with the corresponding human liver S9 fraction incubations, due possibly to the higher enzymatic activity of the rodent fraction. Nonetheless, importantly, metabolites that were solely identified in vitro in the rat liver S9 incubations were also identified in vivo in the urine of HIV patients in etravirine therapy. Therefore, the fact that a specific metabolite is only detected in RLM does not necessarily mean that this metabolite cannot be formed in vivo in humans. However, in the current study, with very few exceptions, which will be conveniently mentioned, the metabolites were consistently identified in HLM and RLM incubations. This is particularly relevant since most in vivo toxicological studies are performed in rodent models (Prosser and Nelson, 2012).

For the identification of Phase I metabolites, incubations were run in the presence of NADPH co-factor. Glucuronidation of Phase I metabolites, and urinary excretion of the glucuronide conjugates represent the primary routes of cathinones biotransformation and elimination in humans (Ellefsen et al., 2016). Therefore, toward the identification of glucuronic acid conjugates of the selected cathinones, additional incubations were run in the presence of Phase I and II cofactors, NADPH and UDPGA, respectively, using both HLM and RLM that were preincubated with the pore-forming peptide alamethicin. This procedure was already proved to increase considerably the rates of the Phase II glucuronidation, while not effecting the Phase I capacity (Fisher et al., 2000). Since the metabolite profile of the drug α-PVP was already determined in vivo (Shima et al., 2014) and in vitro (Negreira et al., 2015), α-PVP incubations were run in parallel with the incubations of selected cathinones, as positive controls.

LC-HRMS/MS, using hybrid quadrupole time-of-flight (QTOF) analyzer, was the method of choice for establishing the metabolic profile of the selected cathinones, since it constitutes one of the most useful analytical platforms for the identification of unknown metabolites. In fact, this methodology allows the direct and simultaneous detection of both Phase I and II metabolites, providing information about accurate mass and isotopic pattern not only of intact (de)protonated molecules, but also of fragment ions, which is of particular usefulness for metabolite identification.

As stated above, α-PVP incubations were performed in this study as positive controls. The fragmentation pattern obtained for this cathinone (Table 1, Supplementary Figure 1) is in agreement with the one reported by Negreira et al. (2015). Likewise, all Phase I α-PVP metabolites identified in current study (Table 1, Figure 2, Supplementary Figures 2–5) were also identified by these authors in vitro, including the product of α-PVP ketone reduction (M1 α-PVP), which was the most abundant metabolite found in in vivo for this cathinone (Tyrkkö et al., 2013). This result attests the viability of the experimental conditions used in the current study for identifying the metabolites that are most likely to be found in vivo. Of note is the identification of the Phase II metabolite M4 α-PVP (m/z 426.2118, −0.9 ppm, C21H32NO8) that stems from glucuronic acid conjugation of M2 α-PVP, a Phase I metabolite formed upon α-PVP keto reduction and hydroxylation of the pyrrolidine ring (Figure 2). The base peak of the tandem mass spectrum of this Phase II metabolite, at m/z 250.1803 (+0.8 ppm, C15H24NO2) (Supplementary Figure 5), corresponds to the typical neutral loss of 176.0315 u from the protonated molecule, corresponding to the glucuronide moiety. The occurrence of glucuronidation at the hydroxyl group resulting from the reduction of the keto group of the parent cathinone is suggested based on the observation of the product ion at m/z 161.0953 (+5.0 ppm, C11H13O). In fact, the formation of this product ion can only be explained on basis of the loss of the hydroxylated pyrrolidine moiety from the fragment ion at m/z 248.1653 (+3.2 ppm, C14H19NO2), which is proposed to be formed via the neutral loss of 178.0465 u from the protonated molecule of M4 α-PVP. Whereas, the in vivo occurrence of the parent Phase I metabolite was already evidenced by Tyrkkö et al. (2013) to the best of our knowledge, this constitutes the first report on the identification of the glucuronic acid conjugate of this α-PVP Phase I metabolite. Coherently, the product ion displayed by metabolite M4 α-PVP is distinct from the one reported by Negreira et al. (2015) for its isomer, resulting from the glucuronidation of the hydroxyl group of the Phase I metabolite stemming from reduction of α-PVP combined with a hydroxylation in the pyrrolidine ring and a subsequent oxidation. Interestingly whereas M2 α-PVP was only identified in HLM incubations, its Phase II metabolite was identified in both RLM and HLM, thereby suggestion that the parent Phase I metabolite was also formed in RLM.


Table 1. Structures of the α-PVP metabolites identified in HLM and RLM incubations by LC-HRMS/MS (ESI+) analysis.
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FIGURE 2. Proposed structures of the α-PVP and 4Cl-PVP Phase I and II metabolites identified by LC-HRMS/MS analysis in HLM and RLM incubations.



4′-Chloro-α-pyrrolidinovalerophenone (4Cl-PVP)

4Cl-PVP is a chlorinated derivative of α-PVP and, as expected, these two cathinones present similar behaviors when analyzed by LC-HRMS/MS. Presenting the protonated molecule at m/z 266.1311 (+1.9 ppm, C15H21ClNO), with the chlorine isotopic pattern, the product ion of this cathinone displays at least three fragmentation pathways similar to the ones observed for α-PVP (Supplementary Figure 1 vs. Supplementary Figure 6): (1) at m/z 195.0568 (−1.5 ppm, C11H13ClO) which is formed upon loss of the pyrrolidine moiety from the parent protonated molecule; (2) at m/z at 126.1304 (−4.7 ppm, C8H16N), which corresponds to the loss pyrrolidine and alkyl moieties from the protonated molecule; and (3) at m/z 138.9957 (+8.6 ppm, C7H4ClO) corresponding to the oxonium ion. Two additional product ions are observed at m/z 223.0753 (2.2 ppm, C12H14ClNO), which corresponds to the loss of propyl radical from the protonated molecule, and m/z 153.0102 (0 ppm, C6H6ClO), stemming from the loss of the pyrrolidine and propyl moieties.

The recognition of the chlorine isotopic cluster was key for the identification of 4Cl-PVP metabolites. Two Phase I and two Phase II metabolites were consistently identified in the RLM and HLM incubations of this cathinone and a third Phase I metabolite, M3 4Cl-PVP, was only identified in HLM incubations (Table 2, Figure 2, Supplementary Figures 7–11).


Table 2. Structures of the 4Cl-PVP metabolites identified in HLM and RLM incubations by LC-HRMS/MS (ESI+) analysis.
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The Phase I metabolite, M1 4Cl-PVP, exhibits the protonated molecule at m/z 268.1463 (0 ppm, C15H23ClNO), compatible with the reduction of the carbonyl group of 4Cl-PVP. This constitutes a metabolic transformation very frequent for cathinones (Zaitsu et al., 2014) and is also reported to occur for α-PVP, in vivo (Shima et al., 2014). The tandem mass spectrum of this metabolite exhibits two main fragments (Supplementary Figure 7): (1) at m/z 250.1359 (+0.8 ppm, C15H21ClN) that stems from the loss of water from the protonated molecule; and (2) at m/z 207.0806 (−1.4 ppm, C12H14ClN), which results from the subsequent loss of the propyl radical from the previous fragment ion. This fragmentation pattern is consistent with the one described for the analog α-PVP metabolite (Shima et al., 2014; Zaitsu et al., 2014). As stated above, ketone reduction is the major metabolic pathway reported for other α-pyrrolidinophenones in humans, thereby supporting the potential in vivo relevance of this metabolite for 4Cl-PVP. The glucuronide conjugate of M1 4Cl-PVP was also identified. In fact, the neutral loss of 176.0317 u from the protonated molecule of M2 4Cl-PVP (m/z 444.1786, +0.5 ppm, C21H31ClNO7), observed in the tandem mass spectrum (Supplementary Figure 8), is indicative of glucuronidation. The observation of two fragment ions at m/z 250.1371 (+5.6 ppm, C15H20ClN) and 207.0808 (−0.5 ppm, C12H14ClN), which are also observed in the tandem mass spectrum of 4Cl-PVP M1, further substantiates the assigned structure of M2 4Cl-PVP. The fact that a structurally similar glucuronide derived from α-PVP was identified as a urinary metabolite in humans, suggests that this might also be a metabolically relevant pathway for 4Cl-PVP in vivo (Shima et al., 2014).

M3 4Cl-PVP is one additional Phase I metabolite that was identified in 4Cl-PVP HLM incubations and results from the hydroxylation of M1 4Cl-PVP. Exhibiting the protonated molecule at m/z 284.1413 (+0.4 ppm, C15H23ClNO2), M3 4Cl-PVP displays diagnostic product ions (Supplementary Figure 9), corresponding to two consecutive losses of water: at m/z 266.1302 (−1.5 ppm, C15H21ClNO) and 248.1201 (0 ppm, C15H19ClN). The subsequent loss of the alkyl chain is also observed at m/z 206.0738 (+0.5 ppm, C12H13ClN). Whereas the product ion obtained does not allow the identification of the exact location of the hydroxyl group, the 2′ position of the pyrrolidine is suggested, since it is a frequent hydroxylation site for other α-pyrrolidinophenones, including α-PVP (Tyrkkö et al., 2013; Negreira et al., 2015). A similar metabolic transformation was also reported for PV8 (α-pyrrolidinoheptaphenone) (Swortwood et al., 2016), a cathinone analog closely resembling α-PVP.

The mass increase of 15.994 u from 4Cl-PVP observed for the protonated molecule of M4 4Cl-PVP, at m/z 282.1256 (−0.4 ppm, C15H21ClNO2), is indicative of direct hydroxylation of the parent cathinone. The observation of the product ion at m/z 142.1233 (+4.9 ppm, C8H16NO) (Supplementary Figure 10), suggests that this metabolite stems from the hydroxylation of the pyrodilidine or alkyl moieties. Coherently, these hydroxylation locations are also reported for α-PVP in vivo (Tyrkkö et al., 2013). Nonetheless, the consistent identification of the glucuronide M5 4Cl-PVP in HLM and RLM incubations suggests that the most probable location of hydroxylation in M4 4Cl-PVP is the pyrrolidine ring. In fact, the tandem mass spectrum of M5 4Cl-PVP protonated molecule, at m/z 458.1580 (+ 0.9 ppm, C21H29ClNO8), exhibits a product ion at m/z 195.0568 (−1.5 ppm, C11H12ClO) (Supplementary Figure 11), which results from the loss of hydroxylated and glucuronidated pyrrolidine moiety from the protonated molecule, thereby evidencing that this Phase II metabolite stems from the glucuronidation of M4 4Cl-PVP, bearing the hydroxyl group in the pyrrolidine moiety (Figure 2). Of note is the fact that this metabolic pathway is also observed for α-PVP.



4′-Methyl- N,N-dimethylcathinone (4-MDMC)

The protonated molecule of 4-MDMC is observed at m/z 192.1374 (−4.7 ppm, C12H18NO) (Table 3) and its tandem mass spectrum presents a base peak at m/z 119.0877 (+0.2 ppm, C9H11) (Supplementary Figure 12). This fragment ion was already reported for mephedrone (4-MMC), when analyzed by LC-HRMS (Pozo et al., 2015), and may be explained on basis of a neutral loss containing the nitrogen after dissociation of the C-N bond from the protonated molecule, followed by CO loss. The possibility of subsequently undergoing rearrangement, with the formation of a seven-membered ring, may explain the conferred stability of this fragment (Zuba, 2012; Pedersen et al., 2013).


Table 3. Structures for 4-MDMC and its Phase II metabolite identified in HLM and RLM incubations by LC-HRMS/MS (ESI+) analysis.
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Whereas, no Phase I metabolites were identified in 4-MDMC incubations run in the presence of Phase I cofactors, one signal at m/z 370.1488 (−2.1 ppm, C17H24NO8), compatible with the glucuronide conjugate M1 4-MDMC (Table 3, Figure 3), was identified following LC-HRMS analysis of alamethicin-induced RLM incubations run in the presence of Phase I and II cofactors. M1 4-MDMC is compatible with the glucuronidation of a 4-MDMC Phase I metabolite that stems from two consecutive metabolic transformations (Figure 3): 4-MDMC demethylation, yielding mephedrone (4-MMC), which is subsequently hydroxylated in a methyl group. In fact, the tandem mass spectrum of M1 4-MDMC metabolite displays a very similar product ion profile to the one reported by Pozo et al. (2015) for a 4-MMC Phase II metabolite, which was identified in the urine of two human volunteers that ingested 200 mg 4-MMC orally (Pozo et al., 2015). However, whereas these authors suggest that C3 is the most probable hydroxylation site, the hydroxyl group is more likely to be at the N-methyl substituent. In fact, N-alkyl groups are considered hot spots for metabolic hydroxylation, which constitutes the first step of N-dealkylation that is a common metabolic pathway for substituted amines (Trager, 2007). Coherently, similarly to what was reported for this glucuronide metabolite of 4-MMC, the tandem mass spectrum of the glucuronide M1 4-MDMC exhibits a base peak at m/z 194.1167 (−4.6 ppm, C11H16NO2) (Supplementary Figure 13) that results from the neutral loss of 176.0321 u from the protonated molecule, corresponding to typical the glucuronide loss. Two other minor product ions are observed at m/z 178.1229 (+1.7 ppm, C11H16NO) and 160.1121 (0 ppm, C11H14N), which can be explained by a mechanism similar to the one proposed by Pozo et al. (2015) (Supplementary Figure 13) for the glucuronide conjugate of the hydroxylated metabolite of 4-MMC. Regardless of the exact location of hydroxylation of this phase I metabolite, our results suggest that 4-MDMC may act as a prodrug of 4-MMC. This constitutes an issue of concern taking into consideration the number of 4-MMC-related fatalities (Busardò et al., 2015). In fact, with a very narrow safety window, 4-MMC dosages that fall within the recreational use limits are suggested to be potentially fatal, in particular when combined with other drugs (Busardò et al., 2015). Aditionally, the fact that no 4-MDMC was identified in the incubation where M1 4-MDMC was identified, suggests that this might constitute an important metabolic pathway for 4-MDMC.
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FIGURE 3. Proposed structures for the metabolites identified by LC-HRMS/MS in RLM and HLM incubations of 4-MDMC, 4-MDEC, and 4-CEC.




4′-Methyl-N,N-diethylcathinone (4-MDEC)

The protonated molecule of 4-MDEC was observed at m/z 220.1697 (+0.5 ppm, C14H22NO) (Table 4) and whereas the fragment ion stemming from the loss of a first N-ethyl group is not observed in the tandem mass spectrum (Supplementary Figure 14), this constitutes the first loss undergone by this cathinone, at the experimental conditions used. In fact, the fragment ion at m/z 174.1270 (−4.0 ppm, C12H16N) is formed water by loss from this first product ion, a fragmentation pathway which is characteristic of other cathinones (Namera et al., 2015). The subsequent loss of CH3 radical explains the formation of the fragment ion at m/z 159.1044 (+0.6 ppm, C10H12N). Whereas the formation of radical ions is not a frequent mechanism when using ESI (Thurman et al., 2007), it seems to be particularly frequent on the LC-HRMS analysis of cathinones. In fact, this kind of fragmentation was already reported for 4-MMC and was consistently observed in the fragmentation pattern of the glucuronide M1 4-MDMC (see above) (Namera et al., 2015). Likewise, the in-source rearrangement to a indole ring that was already used to explain 4-MMC fragmentation (Pozo et al., 2015), followed by loss of the ethyl radical, can also be evoked to explain the formation of the product ion at 144.0813 (−3.5 ppm, C10H10N) observed in the 4-MDEC tandem mass spectrum.


Table 4. Structures of the 4-MDEC metabolites identified in HLM and RLM incubations by LC-HRMS/MS (ESI+) analysis.
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Two Phase I metabolites were consistently identified in 4-MDEC HLM and RLM incubations (Table 4, Figure 3, Supplementary Figures 15, 16). The protonated molecule of M1 4-MDEC was observed at m/z 192.1378 (−2.6 ppm, C12H18NO), which is compatible with the protonated molecule 4-MEC. This product of deethylation of 4-MDEC is also a controlled drug that have been linked with several overdose cases (Gil et al., 2013; Rojek et al., 2014). However, contrary to what was reported by Helfer et al. (2015), the initial fragmentation step of 4-MEC was not the loss of water. In fact, at the experimental conditions used, the base peak of the tandem mass spectrum of M1 4-MDEC (4-MEC) was observed at m/z 144.0812 (−2.8 ppm, C12H18NO) which stems from the loss of 48.0566 u from the protonated molecule. In accordance with what was already discussed, the formation of a more stable indole system can be postulated for the formation of this product ion (Supplementary Figure 15). This suggests that 4-MDEC is metabolically converted into the controlled psychotic substance 4-MEC.

One additional Phase I metabolite, M2 4-MDEC, was observed at m/z 208.1329 (−1.4 ppm, C12H18NO2). The mass increment of 15.9944 u from M1 4-MDEC (4-MEC), suggests that M2 4-MDEC was formed upon hydroxylation of 4-MEC. A similar metabolite was identified by Helfer et al. (2015) upon GC-MS analysis of 4-MEC incubations in HLM. Whereas the location for 4-MEC hydroxylation is proposed to be the methyl substituent of the aromatic moiety (Helfer et al., 2015), no LC-HRMS data is provided for this metabolite, thereby precluding any comparison with our data. Nonetheless, the fact that the base peak, at m/z 144.0823 (+3.5 ppm, C10H10N), of the M2 4-MDEC tandem mass spectrum is the same observed for M1 4-MDEC (Supplementary Figure 16 vs. Supplementary Figure 15), suggests that this metabolite results from hydroxylation at the N-ethyl substituent. M3 4-MDEC is one additional Phase II metabolite that was identified in RLM incubations (Table 4, Figure 3). The protonated molecule of this glucuronide is displayed at m/z 384.1637 (+4.1 ppm, C18H26NO8) and the tandem mass spectrum of this ion (Supplementary Figure 17) shows the characteristic loss of the glucuronide moiety (176.0300 u) at m/z 208.1337 (+2.4 ppm, C12H18NO2). One additional fragment ion is observed at m/z 172.1124 (+1.7 ppm, C12H14N), stemming from two consecutive losses of water. Taking into consideration that the same fragment ion is also observed in the tandem spectrum of M2 4-MDEC, M3 4-MDEC is suggested to be the glucuronic acid conjugate of this Phase I metabolite. The fact that no parent cathinone was detected in the incubations where this Phase II metabolite was identified, suggests that this might constitute a relevant metabolic pathway of 4-MDEC.



4′-Chloro-N-ethylcathinone (4-CEC)

The protonated molecule of 4-CEC is observed at m/z 212.0837 (0 ppm, C11H15ClNO), exhibiting the chlorine isotope cluster. This isotopic pattern is also observed in the first product ion at m/z 164.0252 (−5.5 ppm, C9H7ClN), corresponding to the rearrangement product to an indole ring, following the loss of N-substituent and water from the protonated molecule (Supplementary Figure 18) (Nóbrega and Dinis-Oliveira, 2018). The fragment ion at m/z 159.1036 (−3.8 ppm, C11H13N) is formed from the consecutive loss of Cl radical and water from the protonated molecule. The subsequent loss of CH3 radical, explains the formation of the base peak, at m/z 144.0813 (+3.5 ppm, C10H10N).

A first attempt to investigate the metabolic profile of 4-CEC was performed in human hepatocytes (Fabregat-Safont et al., 2020). However, no metabolites were identified for this cathinone in this in vitro system. Nonetheless, Wagmann et al. (2020) reported the metabolic profile of this cathinone in liver microsome and S9 fraction incubations, thereby enabling the identification of several Phase I and Phase II metabolites. In the current work, the recognition of the chlorine isotopic cluster, and the use of the Data Analysis isotope Cluster analysis tool, were key for the identification of additional Phase I and Phase II metabolites of 4-CEC that were identified in RLM incubations (Table 5, Figure 3, Supplementary Figures 19, 20). M1 4-CEC metabolite, presents a mass increase of 15.9942 u from 4-CEC, exhibiting the protonated molecule at m/z 228.0779 (−3.1 ppm, C11H15ClNO2) (Supplementary Figure 19). This mass increase is compatible with a hydroxylation. The observation of the base fragment ion at m/z 138.9947 (+1.4 ppm, C7H4ClO), corresponding to the oxonium ion, suggests that hydroxylation occurred in one of the alkyl carbons of 4-CEC. Therefore, taking into consideration the arguments presented for the hydroxylation location of M2 4-MDMC, the N-ethyl group of M1 4-CEC was suggested as the most likely hydroxyl location. The glucuronide conjugate of this Phase II metabolite, M2 4-CEC, was also identified. Coherently, the protonated molecule of M2 4-CEC, m/z 404.1104 (+0.7 ppm, C17H23ClNO8), displays a product ion at m/z 228.0780 (+2.6 ppm, C11H15ClNO2), corresponding to the loss of the glucuronic acid moiety from the protonated molecule (Supplementary Figure 20). Importantly, none of these metabolites were reported by Wagmann et al. (2020). As stated above, taking into consideration the group experience (Godinho et al., 2018), the fact that these metabolites were solely identified in RLM does not necessarily imply that they cannot be also formed in humans, in vivo.


Table 5. Structures of the 4-CEC metabolites identified in RLM incubations by LC-HRMS/MS (ESI+) analysis.
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CONCLUSION

Using LC-HRMS/MS analysis of HLM and RLM incubations multiple Phase I and glucoronide metabolites were identified for the selected synthetic cathinones: –4Cl-PVP, 4-CEC, 4-MDEC, and 4-MDMC. Specifically: (1) four Phase I and two Phase II metabolites were identified for the chlorinated derivative of α-PVP, 4Cl-PVP; (2) one Phase I and one glucuronide conjugate were identified in RLM for 4-CEC, which is among the most seized cathinones in 2017; (3) two Phase I and one Phase II metabolites were identified for 4-MDEC; and (4) one Phase II metabolite was identified for 4-MDMC. Additionally, a new Phase II conjugate, derived from the recreational drug α-PVP, was herein identified for the first time. Of note is the fact that this metabolic pathway, consisting on hydroxylation of the alkyl nitrogen substituent, followed by glucuronidation, was consistently observed in all cathinones studied in the current work. The reduction of the carbonyl group constituted one additional metabolic pathway for pyrrolidinic cathinones. Whereas, the metabolic profiles of these cathinones were obtained in vitro, the identification of metabolites stemming from metabolic pathways frequently identified in vivo for this class of compounds, suggests the likelihood of a similar metabolic profile being observed in vivo. Also noteworthy is the fact that our results suggest that 4-MDMC and 4-MDEC might act as prodrugs of the controlled substances 4-MMC and 4-MEC, respectively. These findings constitute an important contribute not only for the unequivocal proof of the intake of these recently reported synthetic cathinones but also to understand their potential adverse effects and link causative agents to toxicities.
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In analytical science, mass spectrometry (MS) is known as a “gold analytical tool” because of its unique character of providing the direct molecular structural information of the relevant analyte molecules. Therefore, MS technique has widely been used in all branches of chemistry along with in proteomics, metabolomics, genomics, lipidomics, environmental monitoring etc. Mass spectrometry-based methods are very much needed for fast and reliable detection and quantification of drugs of abuse and explosives in order to provide fingerprint information for criminal investigation as well as for public security and safety at public places, respectively. Most of the compounds exist as their neutral form in nature except proteins, peptides, nucleic acids that are in ionic forms intrinsically. In MS, ion source is the heart of the MS that is used for ionizing the electrically neutral molecules. Performance of MS in terms of sensitivity and selectivity depends mainly on the efficiency of the ionization source. Accordingly, much attention has been paid to develop efficient ion sources for a wide range of compounds. Unfortunately, none of the commercial ion sources can be used for ionization of different types of compounds. Moreover, in MS, analyte molecules must be released into the gaseous phase and then ionize by using a suitable ion source for detection/quantification. Under these circumstances, fabrication of new ambient ion source and ultrasonic cutter blade-based non-thermal and thermal desorption methods have been taken into account. In this paper, challenges and strategies of mass spectrometry analysis of the drugs of abuse and explosives through fabrication of ambient ionization sources and new desorption methods for non-volatile compounds have been described. We will focus the literature progress mostly in the last decade and present our views for the future study.

Keywords: drugs of abuse, explosives, ambient ionization source, hollow cathode discharge ionization, headspace method, non-thermal desorption, tribological effect, mechanism of ionization and desorption


INTRODUCTION

Mass spectrometry (MS) is one of the most powerful and widely used modern physical-chemical methods for analyzing all types of compounds and most of the elements in the periodic table with high selectivity and sensitivity. In analytical science, MS is known as a “gold standard” because of its unique character of providing the direct molecular structural information of the compounds of interest. Therefore, MS technique has been widely used in all branches of chemistry along in proteomics, metabolomics, genomics, lipidomics, environmental monitoring etc. and also in technology. MS-based techniques have already been proven as a versatile analytical tool for solving many analytical problems such as characterization of biomolecules such as proteins, peptides, nucleic acids and also analysis of polymers. MS has widely been used to elucidate the structure of the compounds of interest through fragmentation using tandem MS (MS2) as well. In fact, MS technique is the method of choice for industrial, clinical, biological, forensic, environmental monitoring, isotope etc. analyses. The development of the MS-imaging system is a milestone to the scientific world because of its precise medical diagnosis such as tumor, cancer etc. through characterization of complex biomolecules (Rohner et al., 2005; McDonnell and Heeren, 2007; Addie et al., 2015).

Furthermore, application of MS in space research that started in the 1950's by the US Naval Research Laboratory has already been proven its high-throughput as an indispensable analytical tool in science and technology (Robert, 2008; Arkin et al., 2010). Mass spectrometry has been used by the International Space Station for monitoring air quality, propellant leakage of the Space Shuttles etc. (NASA, 2007). Japan Aerospace Exploration Agency (JAXA) has already been taken a collaborative research with the Indian Space Research Organization (ISRO) to send the H3-launch vehicle and the rover called as lunar polar exploration mission that for searching the existence of water to the south pole region of the moon in 2024 (Hoshino et al., 2019, 2020; The Yomiuri Shimbun, 2019). It is noted that the outstanding analytical performance of MS-based techniques facilitated us to achieve adequate knowledge and understanding about the solar system as well as the universe.

Applications of the MS technique should be emphasized into two general types: (i) detection and characterization of compounds introduced into the MS where it can be considered as a powerful detector and (ii) investigation of physical and/or chemical transformations of the compounds being studied. In the former case, MS couples directly with an ionization source for detection and quantification of the relevant analytes (Fenn et al., 1989; Gale and Smith, 1993; McLuckey et al., 1996; Feng and Smith, 2000; Byrdwell, 2001; Cody et al., 2005; Shiea et al., 2005; Takáts et al., 2005; Hiraoka et al., 2006, 2007, 2015; Song and Cooks, 2006; Ganeev et al., 2007; Na et al., 2007a,b; Cotte-Rodríguez et al., 2008; Harper et al., 2008; Zhang et al., 2009; Chen et al., 2010, 2017; Nilles et al., 2010; Garcia-Reyes et al., 2011; Takada et al., 2011; Habib et al., 2013, 2014, 2015, 2020; Sekar et al., 2013; Su et al., 2013; Groeneveld et al., 2015; Castiglioni et al., 2016; Damon et al., 2016; Kumano et al., 2018; Tavares et al., 2018; Usmanov et al., 2018; Borges et al., 2019; Feider et al., 2019; Ng et al., 2019) and/or couple with a separation technique (chromatographic) such as gas chromatography (GC), liquid chromatography (LC), high performance liquid chromatography (HPLC), electrophoresis, paper chromatography etc. and then coupled with an ionization source for ionization (Horning et al., 1974; Carroll et al., 1975; Alexandrov et al., 1984; Whitehouse et al., 1985; Olivares et al., 1987; Smith et al., 1988a,b; Lee et al., 1989; Covey and Devanand, 2002; Sigman et al., 2006; Pizzolato et al., 2007; Khan et al., 2015; Gilbert-López et al., 2019). Mass spectrometer comprises an ion source, mass analyzer and a detector. In MS, ion source is considered as the heart of it because the sensitivity mostly depends on the ionization efficiency of the ion source. Since the discovery of MS in the 1950's, electron ionization (EI) (Dempster, 1918, 1921), chemical ionization (CI) (Fales et al., 1972; Harrison, 1992; Field, 2002), fast atom bombardment (FAB) ionization (Barber et al., 1981a,b, 1982), Panning ionization (Penning, 1927; Arango et al., 2006; Hiraoka et al., 2006) were widely used for ionization of the compounds of interest under vacuum condition. In the 1970s, Carroll and co-workers at the Baylor College of Medicine invented the atmospheric pressure chemical ionization (APCI) (Horning et al., 1973) that was applied to gas chromatography-mass spectrometry (GC-MS) (Carroll et al., 1975) and liquid chromatography-mass spectrometry (LC-MS) (Horning et al., 1974). In 1975, a corona discharge electrode developed that has widely been used as an APCI ion source for commercially available MS system (Byrdwell, 2001).

In the history of MS, development and application of electrospray ionization (ESI) opened a new research arena for the analysis of macromolecules and biological materials (Whitehouse et al., 1985; Meng et al., 1988; Smith et al., 1988a, 1990; Fenn et al., 1989, 1990, 1997; Lee et al., 1989; Loo et al., 1990; Cole, 1997; Kebarle, 2000). Electrospray ionization (ESI) is a technique that uses high voltage to generate ions from an aerosol of charged liquid droplets. Since its first discover by Rayleigh (1882) for theoretical estimation of maximum amount of charge of a liquid droplet could carry before throwing out fine jets of liquid that is known as a Rayleigh limit (Rayleigh, 1882) and has then extended by Zeleny (1914) to study the behavior of fluid droplets at the end of glass capillaries for knowing different electrospray modes (Zeleny, 1914). After that, Wilson and Taylor (Wilson and Taylor, 1925) and (Nolan and O'Keeffe, 1932) investigated electrospray extensively in the 1920s. The electrospray cone was described by Sir Geoffrey Ingram Taylor (Taylor, 1964), accordingly, the cone later coined as Taylor cone (Wilm and Mann, 1994). Macky (1931) also studied the behavior of electrospray (Macky, 1931). Dole et al. (1968) used the electrospray ionization with MS for the first time in 1968 (Dole et al., 1968; Pramanik et al., 2002) and finally Yamashita and Fenn (Yamashita and Fenn, 1984; Whitehouse et al., 1985; Meng et al., 1988; Fenn et al., 1989, 1990, 1997) as well as Alexandrov et al. (1984) and co-workers developed the electrospray ionization mass spectrometry in 1984. John B. Fenn was awarded the Nobel Prize for the development of ESI-MS in Chemistry in 2002 (Press Release, 2002).

In fact, commercial ESI utilizes high flow rates that keep within a range from 10.0 μL/min to 1.0 mL/min (Meng et al., 1988; Smith et al., 1988a,b, 1990; Fenn et al., 1989, 1990; Lee et al., 1989; Loo et al., 1990; Kebarle, 2000; Sekar et al., 2013; Abdelhamid and Wu, 2015, 2019a; Khan et al., 2015). The high flow rate is responsible for the formation of liquid droplets with large size that causes slow evaporation, thereby resulting in obtaining poor sensitivity of the relevant analyte compounds. The high flow rate system also consumes large sample volume that causes less stability of the spray. However, when the flow rate is reduced to nanoliters per minute (nL/min) in case of nano-ESI, droplet formation occurs more readily, requiring only the applied voltage to the metal-coated nano-capillary (Olivares et al., 1987; Smith et al., 1988a; Gale and Smith, 1993; Wilm and Mann, 1996; Juraschek et al., 1999; Feng and Smith, 2000; Karas et al., 2000; Covey and Devanand, 2002; Ushijima et al., 2019). Accordingly, the spray achieves stability with relatively smaller size of the droplets that results in better sensitivity. Though nano-ESI exhibits better sensitivity than that by ESI, however, nano-ESI has been limited in its applications for biological fluids because of clogging problems by the presence of high salts and/or other biological. To overcome the clogging problem, Hiraoka and co-workers developed a needle-based ESI coined as a probe-electrospray (PESI) ion source for MS that can operate under ambient conditions (Hiraoka et al., 2007, 2015; Usmanov et al., 2018). In ambient mass spectrometry, ionization of neutral compounds of interest occurs under ambient conditions and then collected and analyzed by MS (Takáts et al., 2004; Cody et al., 2005; Cooks et al., 2006; Feider et al., 2019). The ambient ion sources allow the high-throughput analysis of sample of interest in their native state, often with minimal or no sample pre-treatment. The developed ambient ion sources such as desorption electrospray ionization (DESI) (Takáts et al., 2004; Justes et al., 2007), direct analysis in real time (DART) (Cody et al., 2005), matrix-assisted laser desorption/ionization (MALDI) (Karas et al., 1985; Abdelhamid and Wu, 2012, 2013, 2016, 2019a,b; Abdelhamid et al., 2017; Chen et al., 2017; Abdelhamid, 2018, 2019a,b), electrospray-assisted laser desorption/ionization (ELDI) (Shiea et al., 2005), desorption atmospheric pressure chemical ionization (DAPCI) (Takáts et al., 2005) have already been coupled to commercial MS. Beside these, ac-atmospheric pressure chemical ionization (ac-APCI) (Habib et al., 2013), He-flow dielectric barrier discharge ionization (DBDI) (Na et al., 2007a,b; Zhang et al., 2009; Habib et al., 2014, 2020; Gilbert-López et al., 2019), PESI (Hiraoka et al., 2007) have been fabricated as ambient ion sources and applied to analyze a wide range of compounds. Since the pioneering work of the DBD ion source by Zhang and co-workers (Na et al., 2007a,b; Zhang et al., 2009), it has widely been used in mass/ion-mobility spectrometry (Usmanov et al., 2013; Habib et al., 2014, 2020; Gilbert-López et al., 2019). According to the design of the homemade He-DBDI, H3O+ and [image: image] and/or [image: image] ions are formed as reagent ions in positive and negative ion modes, respectively and the gaseous neutral molecules of interest take part in ion-molecule reactions outside of the plasma. In the positive ion mode, the gaseous neutral analyte molecules ionized mainly by the H3O+, however, in the negative ion mode, the reagent ions [image: image] and/or [image: image] combine with the analyte molecules lead to cluster and/or adduct ions (Usmanov et al., 2013; Habib et al., 2014, 2020). In our fabricated DBDI, water forms its cluster ion, H3O+(H2O)n, outside of the DBD ceramic tube, accordingly, it is regarded as an ambient ion source just mimic of APCI.

In analytical mass spectrometry, it is highly appealing that the investigated analytes should undergo minimal fragmentation during desorption/ionization in order to achieve better limits of detection (LODs). Among the developed ion sources, MALDI, DESI, ESI, and/or PESI have been proved as soft ionization methods for a wide range of compounds ranging from large molecules such as proteins, peptides, polymers, nucleic acids etc. to small molecules like amino acids, drugs of abuses, explosives and many of commonly naturally found compounds. As mentioned, an ionization method plays a vital role in quantifying the relevant analytes at ultra-trace level where efficient desorption of the investigated compounds is mandatory. In this regard, MALDI, DESI, or ESI function both as an efficient ion source and desorption method simultaneously. Since the pioneering work of MALDI by Franz Hillenkamp, Michael Karas, and their colleagues in 1985, much attention has been paid to develop matrices for efficient desorption and ionization of particularly biomolecules such as peptides, proteins, nucleic acids, lipids, oligosaccharides, amino acids etc. (Karas et al., 1985, 1987; Tanaka et al., 1988; Karas and Bahr, 1990; Fitzgerald et al., 1993; Tang et al., 1994; Abdelhamid and Wu, 2012, 2013, 2016, 2019a,b; Abdelhamid et al., 2017; Chen et al., 2017; Abdelhamid, 2018, 2019a,b). Organic compounds such as 2,5-dihydroxy benzoic acid, 3,5-dimethoxy-4-hydroxycinnamic acid, 4-hydroxy-3-methoxycinnamic acid, α-cyano-4-hydroxycinnamic acid, picolinic acid, and/or 3-hydroxy picolinic acid etc. have widely been used as MALDI matrices for desorption/ionization of peptides, proteins, nucleotides, oligonucleotides, oligosaccharides, lipids etc. (Karas et al., 1985, 1987; Tanaka et al., 1988; Beavis et al., 1989, 1992; Karas and Bahr, 1990; Strupat et al., 1991; Fitzgerald et al., 1993; Wu et al., 1993), however, inorganic materials, particularly nanoparticles (NPs) have advanced applications in mass spectrometry as MALDI matrices (Abdelhamid and Wu, 2012, 2013, 2016, 2019a,b; Abdelhamid et al., 2017; Chen et al., 2017; Abdelhamid, 2018, 2019a,b). Besides the development of hybrid desorption/ionization system, attentions have also been taken to fabricate desorption method for non-volatile compounds from their solid state (Saha et al., 2013; Usmanov et al., 2013, 2016; Habib et al., 2014; Bi et al., 2021). Of them, Leidenfrost-assisted thermal desorption (LPTD) and ultrasonic-cutter blade-based desorption methods exhibited efficient desorption methods for gasification of mostly non-volatile compounds without and/or with minimal fragmentation (Saha et al., 2013; Usmanov et al., 2013, 2016; Habib et al., 2014; Bi et al., 2021). Coupling of these noble desorption methods with homemade helium-DBDI-MS system exhibited as potential analytical techniques in detection and quantification of highly non-volatile drugs of abuse, explosives, carbohydrates, rhodamine B, ionic liquids, amino acids, spinosad etc. at ultra-trace levels to some extent (Saha et al., 2013; Habib et al., 2014, 2020; Bi et al., 2021).

The direct structural information of compounds of interest using mass spectrometry has given golden opportunity to the scientists and researchers of its versatile applications in various fields in science and technology. Accordingly, MS technique in forensic laboratories as well as for explosive detection has been increased significantly in the last few decades from criminal investigation and public security and safety point of views. The sensitivity, rapid analysis, selectivity and simple sample pretreatment requirements have led to MS-based methods being adopted as the choice to analyze illicit drugs (Pizzolato et al., 2007; Habib et al., 2014, 2020; Groeneveld et al., 2015; Damon et al., 2016; Brettell and Lum, 2018; Tavares et al., 2018; Borges et al., 2019; Ng et al., 2019; Filho et al., 2020) and explosives (Chen et al., 2009; Takada et al., 2011, 2012a,b, 2016; Habib et al., 2013, 2014; Hashimoto et al., 2014; Kumano et al., 2018). Besides these applications, MS-based technique has also been used in analysis of complex biological samples through coupling with micro-chips, microfluidic surface extractor (MSE) and/or single drop microextraction device (He et al., 2014; Chen et al., 2017; Liu et al., 2020; Zhang et al., 2020).

In this review article, challenges and strategies of mass spectrometry analysis of the illicit drugs and explosives through fabrication of new ionization sources and new desorption methods for non-volatile compounds have been described. As illicit drugs, morphine, cocaine, codeine, amphetamine (AM), methamphetamine (MA), 3,4-methylenedioxyamphetamine (MDA), and 3,4-methylenedioxymethamphetamine (MDMA) (Scheme 1) and as explosives, triacetone triperoxide (TATP), hexamethylene triperoxide diamine (HMTD), trinitrotoluene (TNT), 1,3,5-trinitrobenzene (TNB), ammonium nitrate (AN), hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), 1,3,5,7-tetranitro-1,3,5,7-tetrazoctane (HMX), nitroglycerine (NG), and pentaerythritol tetranitrate (PETN) (Scheme 2) were taken as model compounds. In view of this, firstly, the following ionization sources: dielectric barrier discharge ionization (DBDI), hollow cathode discharge ionization (HCDI), ac/dc-atmospheric pressure chemical ionization (APCI) secondly, thermal/non-thermal desorption methods for non-volatile compounds such as solid/solid friction and flash heating/rapid cooling have been described. The developed DBDI and ac/dc-APCI ion sources function well under ambient conditions while the HCDI works well at much below atmospheric (ranging from 1 to 28 Torr) pressure from sensitivity and selectivity point of views. Mechanisms of ion formation and desorption of non-volatile drug and explosive compounds by using the developed ion sources and solid/solid-based desorption method are also discussed.


[image: Scheme 1]
SCHEME 1. Molecular structures of the illicit drug compounds.
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SCHEME 2. Molecular structures of the explosive compounds.




TRIBODESORPTION-DIELECTRIC BARRIER DISCHARGE (DBD) IONIZATION-MS SYETM


Concept of Desorption of Non-volatile Compounds by Tribological Effect

Figure 1 shows a homemade helium dielectric barrier discharge (DBD) ion source fabricated using a ceramic tube as a dielectric barrier tube where a stainless steel wire was inserted into the ceramic tube and grounded that acted as an inner electrode (Usmanov et al., 2013; Habib et al., 2014, 2020; Bi et al., 2021). The DBD plasma was generated inside the ceramic tube by flowing He gas (99.9999%) with a flow rate ranging from 0.25 to 0.30 L/min through applying 2.4 kVPTP (peak-to-peak) ac high voltage to the outer electrode (copper strip). A function generator was used to generate 15 kHz sinusoidal signal and then amplified by a power generator in order to generate the ac high voltage. The inner grounded wire electrode was protruded from the exit of the ceramic tube, thereby resulting in confinement of the DBD plasma inside the ceramic tube. As a result, the desorbed gaseous analyte molecules were not exposed directly by the plasma but ionized by reacting with mainly H3O+ ion and/or with [image: image]/[image: image] in the positive and negative modes of ionization, respectively. Under the ambient condition, water forms its cluster ion, H3O+(H2O)n, outside of the DBD ceramic tube. The present DBD ion source is thus regarded as an atmospheric pressure chemical ionization (APCI) (Usmanov et al., 2013; Habib et al., 2014, 2020; Bi et al., 2021).


[image: Figure 1]
FIGURE 1. A diagram of homemade He-DBD ion source coupled with MS (A), mass spectrum of morphine in positive ion mode (B) and mass spectrum of RDX in negative ion mode (C). An ultrasonic cutter-assisted desorption method was used for desorption of the non-volatile illicit drugs and explosives. The inset is the photograph of ultrasonic cutter-PFA solid/solid experimental system. Reproduced under permission from ACS (Habib et al., 2014).


Prior to discussing the mass spectral results, it is better to focus on the mechanism of desorption of the non-volatile analyte compounds by the ultrasonic cutter-based desorption method. In this desorption method, exactly 2 μL of the sample solution was deposited on a flat perfluoroalkoxy (PFA) substrate and diameter of the sample spot was found to be 2 mm. After dried in air, the deposited sample on the PFA substrate was desorbed through very gentle touching with an ultrasonic cutter by applying an oscillation frequency of 40 kHz to the cutter blade (20 W, Honda Electronics, Toyohashi, Japan). The gaseous molecules were then ionized using a homemade He-DBDI and detected by an ion trap mass spectrometer. The solid/solid friction of the ultrasonic cutter with the PFA substrate has been coined as a tribological event (Habib et al., 2014; Bi et al., 2021). In another study, we found enhanced sensitivity of the relevant compounds when the compounds were deposited on the ultrasonic blade instead of the substrate and then gently touch with the substrate's surface for rubbing (Bi et al., 2021). Such an experimental setup is shown in Figure 2. This is because the oscillation/vibrational energy from the ultrasonic cutter blade directly transfer to the deposited solid molecules as an additional kinetic energy that causes the intermolecular force of attraction to weaken before touching the substrate. During the touching/rubbing process, the deposited molecules on the blade also gain mechanical/frictional energy in terms of tribological event as an extra energy in order to amplify the desorption process before penetrating and/or remaining into/on the substrate. This synergistic effect, caused by gaining the vibrational/oscillation and frictional/mechanical energy, enhances the desorption process of the non-volatile solid molecules into the gaseous phase that provides better sensitivity, realizing ultra-trace level detection.
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FIGURE 2. A schematic of experimental set-up for tribodesorption-dielectric barrier discharge ionization-mass spectrometry (TB-DBDI-MS) system. The sample deposited on the ultrasonic blade and gently touches on PFA substrate's surface by hand holding (frequency: 40 kHz, oscillating amplitude: 15 μm) for desorption. A homemade He-DBD ion source was used to ionize the analyte molecules and then characterized by using an ion trap mass spectrometer.


The term tribology means the interface of moving matters. Friction of moving bodies also plays a vital role in the interface. In MS, analytes in gaseous phase is mandatory consequently, thermal energy has long been used for desorption of solid molecules into the gaseous phase, however, thermal energy may cause fragmentation of the analyte compounds that is not expected in analytical mass spectrometry. This is because fragmentation may not provide better limits of detection in most of the MS experiments while that is highly desirable in analytical MS. Mechanical energy in terms of tribological event is commonly found in nature as well as in many scientific and technological areas. However, thermal energy and mechanical energy are inherently different. The former is a scalar quantity with random energy while the latter is a vector quantity where all the atoms and molecules of the moving matters have the same direction. Therefore, it may conclude that mechanical energy is regarded as the high-quality energy with coherency. The macroscopic mechanical energy is transferred to non-thermal energy by the nano- and/or microscopic contact with the moving bodies, thus it seems very difficult to recognize molecular-level information by the conventional analytical techniques (Nevshupa, 2009). Mass spectrometry is a highly appealing analytical tool because of its direct structural information of the generated molecules and/or ions during moving bodies, ultimately interface mechanism will be achieved.

In order to investigate whether the ultrasonic cutter-based desorption method is non-thermal or thermal, p-chloro-benzyl pyridinium chloride was taken as a model thermometer compound to obtain direct information about desorption (Habib et al., 2014). The p-chloro-benzyl pyridinium chloride is a highly non-volatile ionic compound. Figure 3 shows the mass spectrum of the p-chloro-benzyl pyridinium chloride in the positive mode of ionization. The compound gave molecular ion, M+, as the major ion that appeared at m/z 204.1 along with a much weaker signal from the fragment ion [M-pyridine]+ (i.e., p-chlorobenzyl cation, ClC6H4[image: image], m/z 125.1) as the DBDI was turned off condition. Therefore, it is concluded that the fabricated ultrasonic cutter-based desorption method can efficiently gasify highly non-volatile compounds as their monomer with a very minimal fragmentation. It has also been reported that the temperature of effused gases just outside of the dielectric ceramic tube was to be ~49°C that was slightly elevated from room temperature (Habib et al., 2014). The radiofrequency heating of the dielectric tube causes such elevation of the gas temperature. On the other hand, the direct analysis in real time (DARD) fabricated by Cody and co-workers used quite high gas temperature in order to gasify the solid analyte compounds for ionization (Cody et al., 2005).
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FIGURE 3. Mass spectra for p-chloro-benzyl pyridinium chloride with DBD turned (A) off and (B) on. Reproduced under permission from ACS (Habib et al., 2014).


In conclusion, the soft mechanical frictional energy generated by the ultrasonic cutter in combination with a substrate can be used as an efficient desorption process for gasification of non-volatile compounds. The developed method, especially deposition of the relevant compound on the cutter blade instead of the substrate (Bi et al., 2021), is reasonably sensitive and may be applied for quick analysis of contaminants, such as narcotics, explosives, and/or any other non-volatile compounds, deposited on substrates' surfaces.



Analysis of Drugs of Abuse

Figure 4 shows the mass spectra of morphine, cocaine and codeine. Exactly 2 μL sample solution containing 2 ng of each illicit drug compound was deposited on the PFA substrate and then dried in air. The dried spot was gently touched using the ultrasonic cutter for gasification. A homemade He-DBDI coupled with a MS was used for ionization/detection of the illicit drug compounds. As seen from Figure 4, morphine, cocaine, and codeine were detected in their protonated forms, [M+H]+, at m/z 286, 304, and 300, respectively without any fragmentation. However, Usmanov et al. (2020) reported that morphine underwent severe fragmentation by using surface-ionization mass spectrometry and the major fragment ions appeared at m/z 144, 146 when detected from human urine spiked (Figure 4D) (Usmanov et al., 2020).
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FIGURE 4. Mass spectra for (A) 2 ng morphine, (A1) 2 ng morphine in urine, (B) 2 ng cocaine, (B1) 2 ng cocaine in urine, (C) 2 ng codeine and (D) morphine in urine. Each of the illicit drugs was deposited on a perfluoroalkoxy (PFA) substrate and then rubbed by an ultrasonic cutter blade for desorption. The gaseous molecules were then ionized using a homemade helium DBDI source and detected by MS. Reproduced under permission from ACS (Habib et al., 2014) and EJMS (Usmanov et al., 2020).


Figures 4A1,B1 show the raw urine sample spiked with 2 ng of morphine and cocaine, respectively. Both the morphine and codeine display their protonated ions at m/z 286 and 304, respectively without any fragmentation along with the protonated urea, creatinine, and their protonated dimmers. The developed desorption method exhibited its potentiality for gasification of the non-volatile illicit drug compounds from complex body fluids as well. As mentioned in the previous section, the homemade DBD ion source acts as an ambient atmospheric pressure chemical ionization (APCI). In the positive ion mode, hydronium ion, H3O+, comes from the DBD ion source as a reagent ion and takes part in ion-molecule reactions with the gaseous analyte molecules under the ambient condition, thereby resulting in the formation of protonated molecular ion, [M+H]+ of analytes of interest. The limits of detection (LODs) for the morphine, cocaine and codeine from water/methanol and spiked in urine are tabulated in Table 1. The values of LODs for morphine, cocaine and codeine in water/methanol were smaller than that spiked in urine and the values were 0.30, 0.50, and 0.60 ng in water/methanol and 0.50, 0.80, and 0.90 ng from spiked in urine, respectively (Table 1). The elevated values of LOD for the illicit drugs spiked in urine are due to ion suppression effects by the constituents of urine such as urea, creatinine etc. As seen from Figures 4A1,B1, protonated creatinine and/or urea, [M+H]+, exhibit as base peaks because of higher proton affinity of these urine constituents than that of the illicit drugs of interest. The low molar mass of the urine's constituents also causes efficient desorption of creatinine, urea etc. from the sample spot during rubbing by the ultrasonic cutter with the substrate. In our another study, however, we found enhanced sensitivity of the amphetaminic drug compounds such as amphetamine (AM), methamphetamine (MA), 3,4-Methylene dioxy amphetamine (MDA) and 3,4-Methyl enedioxy methamphetamine (MDMA) from spiked urine by an alkaline treated headspace method (Table 1) (Habib et al., 2020). The amphetaminic drug compounds contain either amine or imine groups, thus they exhibit volatile and/or semi-volatile in nature at room temperature. Accordingly, these nitrogenous compounds make their pills through treating with hydrochloric acid in order to provide stability. So, alkali treatment causes evaporation of the free base amphetaminic compounds into the gaseous phase from solution. Ammoniated carbonated alkali solutions such as sodium carbonate, potassium carbonate etc. provide better limits of detection even from spiked urine (Table 1) (Habib et al., 2020). Addition of alkali solution into the HCl-amphetaminic drug evolves gaseous carbon dioxide that acts as a carrier gas to bring the free base amphetaminic molecules from the liquid to the gaseous phase. Presence of trace level ammonia also enhances the sensitivity of the amphetaminic drug compounds using the headspace-DBDI-MS system (Habib et al., 2020).


Table 1. Limits of detection (LODs) for drugs of abuse and explosives measured by tribodesorption-helium-DBDI-MS and other MS techniques.
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As mentioned above, we found enhanced sensitivity for the relevant non-volatile drugs of abuse by using the ultrasonic cutter blade-based desorption method coupled with the same He-DBDI-MS system where the relevant analyte was deposited on the cutter blade instead of the PFA substrate and then rubbed (Figure 2 and Table 1) (Bi et al., 2021). The values of the limit of detections (LODs) for the morphine, cocaine and codeine were 40.38 ± 1.55, 20.00 ± 0.91, and 50.25 ± 1.85 pg, respectively, that were at least 8–10 time lower than that obtained for the cutter blade-based desorption method where the analyte compounds were deposited on the PFA substrate (Table 1). As described above, the enhanced sensitivity is due to synergistic effect caused by gaining the vibrational/oscillation and frictional/mechanical energy by the ultrasonic cutter when the analyte compounds deposited on the blade (Bi et al., 2021). By using the similar homemade He-DBDI and ion trap MS, Usmanov et al. (2013) reported quite high LOD values for morphine, cocaine and codeine by a heated filament (154°C) as a desorption means and these were 25.0, 7.0, and 3.0 ng, respectively (Usmanov et al., 2013). A brief description of this system has been elaborated in Figures 5, 6. A homemade ac-APCI ion source has also been fabricated by Usmanov and Hiraoka (2016) for characterization of morphine, cocaine and codeine and the LOD values were found to be 5.0, 5.0, 0.5 ng, respectively (Usmanov and Hiraoka, 2016). However, Jackson et al. (2010) reported only 15, 150 pg for cocaine and codeine, respectively where that for morphine was quite high, 3,000 pg, by using a heated substrate coupled to the DBDI-MS/MS system. The low LOD values for the cocaine and codeine using the tandem mass spectrometry (MS/MS) system is desirable, however, the high LOD value (3,000 pg) for morphine is suggesting the difficulties to analyze morphine at ultra-trace level using the heated substrate as a desorption process is challenging.


[image: Figure 5]
FIGURE 5. Schematic of the experimental setup for the heated filament-based desorption-DBDI-MS system.
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FIGURE 6. Mass spectra for the drugs of abuse (A) morphine, (B) codeine, and (C) cocaine. The ions at m/z 158, 195, and 279 in (B) are from background. Reproduced under permission from ACS (Usmanov et al., 2013).


A heated filament-based desorption method has been used in order to desorb solid drug of abuse compounds and ionized/detected by a homemade He-DBDI coupled with a MS system. Such an experimental setup is shown in Figure 5 (Usmanov et al., 2013). Results show that a significant fragmentation for cocaine was observed using the heated filament-based desorption method (154°C) and the fragmented peak appeared as a protonated at m/z 182, [M+H-C6H5COOH]+ (Figure 6C) while morphine (Figure 6A) and/or codeine (Figure 6B) did not show any considerable fragmentation using the same desorption system at 154°C (Usmanov et al., 2013). However, morphine underwent fragmentation as the filament temperature increased from 154 to 200°C and appeared at m/z 268, [morphine-H2O+H]+ (Usmanov et al., 2013). They also found poor levels of LODs for the drugs of abuse using the heated filament-based desorption method coupled with the homemade He-DBDI-MS system (Table 1).

Therefore, it is concluded that coupling the cutter blade-based desorption method with the homemade He-DBDI-MS system will be a dignified analytical tool for detection of the non-volatile illicit drugs such as morphine, cocaine, codeine etc. at ultra-trace levels even from body fluids.



Analysis of Explosives

Exactly, 2 μL of the explosive compound of interest in acetonitrile solution was deposited on PFA substrate and dried in air. An ultrasonic cutter blade was used to desorb the deposited molecules into the gaseous phase by gentle touches with the PFA's surface. The gaseous analyte molecules were then ionized using a homemade He-DBDI and detected by an ion trap MS. Figure 7A shows the positive mass spectrum for 2 ng HMTD and Figures 7B–D show the negative mass spectra for 10 ng AN, 2 ng RDX, and 2 ng HMX, respectively. As seen from Figure 7A, HMTD gave the protonated ion, [M+H]+, that appeared at m/z 209. The origin of the peak that appeared at m/z 158 has been confirmed with and without laboratory hand gloves. It was confirmed that laboratory hand gloves is the origin of the peak that appeared at m/z 158 (Habib et al., 2013, 2014, 2015, 2020). The other peaks in Figure 7A were not identified.
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FIGURE 7. Mass spectra for (A) HMTD (2 ng), (B) AN (10 ng), (C) RDX (2 ng), and (D) HMX (2 ng). Each of the explosives was deposited on a perfluoroalkoxy (PFA) substrate and then rubbed by an ultrasonic cutter blade for desorption. The gaseous molecules were then ionized using a homemade helium DBDI ion source and detected by an iron trap MS. Reproduced under permission from ACS (Habib et al., 2014).


In contrast, RDX and HMX were detected as adduct ions with [image: image] and [image: image] such as [RDX+NO2]− (m/z 268), [HMX+NO2]− (m/z 342), [RDX+NO3]− (m/z 284), [HMX+NO3]− (m/z 358) in the negative mode ionization as shown in Figures 7C,D, respectively. Ammonium nitrate (AN), however, was detected as a cluster ion of HNO3 with [image: image], [HNO3+NO3]−, (see Figure 7B). It is noted that the reactant ions [image: image] and [image: image] were the major background ions formed by the present ambient He-DBD ion source under the ambient conditions. The presence of the plenty of [image: image] and [image: image] ions was facilitating the formation of the adduct/cluster ions of RDX and HMX and also the adduct ion of HNO3 with the [image: image] for AN. Both the [image: image] and [image: image] ions have trigonal planar geometry and the oxygen atoms of each ion are highly negatively charged. The nitrogen atoms of the nitro (NO2) groups in the RDX and HMX molecules carry highly electropositive charge, thus they must form multidentate electrostatic bonds with the negatively [image: image] and [image: image] ions, thereby resulting in the formation of the cluster/adduct ions for RDX and HMX with these nitroxo anions (Usmanov et al., 2013; Habib et al., 2014; Bi et al., 2021). However, AN directly doesn't form any cluster ion with the [image: image] and/or [image: image] ion, rather it forms a cluster ion of HNO3 with the [image: image] ion. Ammonium nitrate dissociates into NH3 and HNO3 in the DBD plasma as follows: NH4NO3 NH3 + HNO3 (Usmanov et al., 2013; Habib et al., 2014). The formed HNO3 then forms cluster/adduct ion with the [image: image] ion, [HNO3+NO3]−, that appeared at m/z 125 (Usmanov et al., 2013; Habib et al., 2014; Bi et al., 2021).

It is suggested that the proton of the HNO3 molecule acts as a bridge between the two [image: image] ions. Analytical curves for the explosives of interest were made in order to evaluate the performance of the developed tribological desorption as well as the homemade He-DBDI methods. The values of limit of detection (LODs) are shown in Table 1. Other ambient ionization methods such as DESI (Takáts et al., 2005), EESI (Chen et al., 2009), DBDI (Zhang et al., 2009; Garcia-Reyes et al., 2011) have also been used for the detection and quantification of explosive compounds. It seems that the developed ultrasonic cutter-based tribodesorption (TD) method can work for efficient non-thermal desorption of the non-volatile drugs of abuse as well as explosives. The coupling of the tribodesorption with DBDI must have potentiality for trace-level detection of non-volatile drugs of abuse and explosives from analytical point of view.

Among the MS systems, ultrasonic cutter blade-based desorption process coupled with the He-DBDI-MS system exhibited as a promising analytical tool for analysis of highly non-volatile explosive compounds at ultra-trace levels (Habib et al., 2014; Bi et al., 2021). Further attempts have already been taken to fabricate a commercial hybrid MS system through combination of the ultrasonic cutter blade, He-DBD ion source and an ion trap MS for analysis of highly non-volatile compounds such as drugs of abuse, explosives etc. at ultra-trace levels.




HEADSPACE-DIELECTRICTRIC BARRIER DISCHARGE (DBD) IONIZATION-MS SYSTEM

Amphetamines belong to an amine group under the aliphatic compounds and they can significantly stimulate the central nervous system. Of them, amphetamine (AM) and methamphetamine (MA) and their methylenedioxy derivatives such as 3,4-methylenedioxyamphetamine (MDA) and 3,4-methylenedioxy methamphetamine (MDMA) are the main amphetaminic compounds that have been commonly used by athletes, drug addicts and recreational users as stimulants (Perez-Reyes et al., 1991; Ropero-Miller and Goldberger, 1998). Therefore, rapid detection of illicit drugs such as amphetaminic compounds in urine is very much needed in order to examine the consumption of these illicit drugs by the athletes as well as the young population in developing countries like Bangladesh, Myanmar, India, Thailand, China etc.

Figure 8 shows an experimental setup of the headspace-He-DBDI coupled with MS system for gasification of amphetaminic drugs of abuse through headspace method. The presence of amine and/imine groups in the amphetaminic compounds causes their volatility, thus these compounds treat with hydrochloric acid (HCl) in order to provide their stability. The addition of hydrochloric acid causes the formation of the quaternary cationic nitrogen centered where chloride (Cl−) acts as a counter ion, thereby resulting in gaining stability of the amphetaminic compounds. Thus, alkali treatment of the quaternary amphetaminic compounds ceases the free base amphetaminic compounds into gaseous phase that is called as a headspace method. In the present section, the headspace method was applied for the gasification of the amphetaminic compounds spiked raw urine. Herein, MA, MA, 3,4-methylenedioxyamphetamine (MDA) and 3,4-methylenedioxymethamphetamine (MDMA) were taken as model compounds to evaluate the analytical performance of the headspace-DBDI-MS system. These amphetaminic compounds were spiked in raw urine and treated with non-carbonated (e.g., NaOH, KOH etc.) and carbonated (Na2CO3, K2CO3 etc.) alkali solutions (Habib et al., 2020). Figure 5B shows such an example of headspace method. Figure 5C shows positive headspace-DBDI mass spectra for a mixture of AM, MA, MDA, and MDMA in aqueous solution. As seen from Figure 5C, both the AM and MA show their protonated ions, [AM+H]+, [MA+H]+, as the major ions, and MDA and MDMA also provide their protonated ions, [MDA+H]+, [MDMA+H]+, but with much weaker ion signals. This is because of the difference in vapor pressures of the amphetamic compounds as described in the following section (Habib et al., 2020).
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FIGURE 8. A schematic of headspace-He-DBDI coupled with MS (A), headspace method (B) and mass spectrum of four amphetaminic drug compounds in positive ion mode (C). In headspace method, the drugs of abuse of interest were treated with alkali solution for gasification. Reproduced under permission from Elsevier (Habib et al., 2020).


As mentioned above, amphetamine compounds are aliphatic amines, thus they are either volatile and/or semi-volatile in nature. According to the literature, the vapor pressures of AM, MA, MDA, and MDMA are 310.0 × 10−3, 5.4 × 10−3, 1.0 × 10−3, and 1.6 × 10−3 mm of Hg at 25°C, respectively (Habib et al., 2020). Amphetamine compounds are mainly aliphatic amines thus, they have positive proton affinity. Accordingly, they convert into quaternary amines just mixing with hydrochloric acid where chloride (Cl−) ion acts as a counter ion. Formation of the quaternary amines prevents the volatility of the amphetamines that provides their better stability. Addition of alkali solution to the quaternary amines evolves gaseous free base amines because of their considerable vapor pressures at room temperature. The homemade He-DBDI seems as an atmospheric pressure chemical ionization (APCI) because of formation of hydronium ion, H3O+, in the positive mode of operation (Habib et al., 2014, 2020). In addition, the proton affinity (PA) of this group of compounds is quite high i.e., PA for MA is 965 kJ/mol, and follows the increasing order: AM < MDA < MA < MDMA (Matsumura et al., 2003). Thus, these compounds efficiently form their protonated molecular ion, [M+H]+, in the positive ion mode.

Figures 9A–D1 show the positive headspace-DBDI mass spectra for AM, MA, MDA, and MDMA, respectively. The values at the top-left corner in each spectrum indicate the intensities of the ions of interest. Figures 9A,A1 show the positive mass spectra for AM in water and spiked raw urine, respectively. As seen from Figures 9A,A1, the ion intensity for the [AM+H]+ ion is relatively higher for AM spiked urine than that for water, however, the presence of urea, creatinine in raw urine suppress the ion signals of the analytes of interest (Habib et al., 2020). Similar observation was also observed for MA (see Figures 9B,B1), MDA (see Figures 9C,C1) and MDMA (see Figures 9D,D1). The volatile components of the raw urine (e.g., urea, creatinine etc.) play crucial roles for the better sensitivity of these amphetaminic compounds. Addition of NaOH and/or KOH to the solution of the relevant compound, the quaternary nitrogen converts to free base amine where the volatile urine components act as carrier gas to bring the free base amine to the gas phase. However, urine's components must cause ion suppression of the analytes of interest. In this study, non-carbonated and carbonated alkali solutions were used for the ceasing amphetaminic compounds in the headspace method (Habib et al., 2020).
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FIGURE 9. Mass spectra for (A) amphetamine (AM), (A1) amphetamine in urine, (B) methamphetamine (MA), (B1) methamphetamine (MA) in urine, (C) 3,4-methylenedioxyamphetamine (MDA), (C1) 3,4-methylenedioxyamphetamine (MDA), (D) 3,4-methylenedioxymethamphetamine (MDMA) and (D1) (D) 3,4-methylenedioxymethamphetamine (MDMA) measured by headspace-DBDI-MS system. Amount of each amphetamine compound was 1 ng/mL in water as standard and spiked in raw urine and then treated by equal volume of ammoniated K2CO3 solution [85% K2CO3 (4 M) + 15% NH3 (28%)]. Reproduced under permission from Elsevier (Habib et al., 2014).


It is noted that carbonated alkali solution enhances the sensitivity for these amphetaminic compounds. The quaternary nitrogen containing amine compounds are acidic in nature, thus, a reaction might occur between the acidic amphetaminic compounds and the alkali Na2CO3 or K2CO3, thereby resulting in the formation of gaseous CO2 as well as free base amines. The generation of gaseous CO2 in in-situ acts as a carrier gas for the free base amines. A trace amount of ammonia solution with the alkali solution also causes better sensitivity for the amphetaminic compounds. To find the quantitative capabilities of the headspace-DBDI-MS system, analytical validation such as LOD, precision, linear range correlation coefficient (R2) and analyte recovery rate were investigated with three replicates (n = 3). Peak intensities, with the signal-to-noise ratio (S/N) of at least 3, the protonated molecular ion, [M+H]+, of the analyte of interest were used to construct the analytical calibration curves. Each of the points in the calibration curve was at least three in replication. The minimum amount of the calibration curve has been considered as the LOD of the analyte of interest. It is noteworthy to mention that amphetamine compounds spiked in raw urine exhibited better LOD compared to the corresponding standard solutions. The values of LOD for the AM, MA, MDA, and MDMA from standard and spiked in urine are tabulated in Table 1 (Habib et al., 2020). Therefore, it is concluded that the developed headspace-DBDI system can be applied for trace level detection of amphetaminic compounds even from biological samples like urine, but the method may not be suitable for the non-volatile drugs of abuse such as morphine, cocaine, codeine, heroin etc.

In summary, the presence of amine and/or imine groups in the amphetaminic compounds makes them suitable for the headspace method in order to desorb into the gaseous phase which is the mandatory step for ionization in MS. On the other hand, morphine, cocaine, codeine, heroin etc. are rather non-volatile compounds and they do not have any amine and/or imine groups, thus these drugs of abuse compounds need mechanical and/or thermal desorption method rather than chemical treatment as described in the preceding section.



HOLLOW CATHODE DISCHARGE (HCD) IONIZATION-MS SYSTEM

In mass spectrometry, ion source plays a vital role for detection and quantification of analytes of interest at trace to ultra-trace levels. Hence, much attention has been paid to fabricate new ion sources for MS that can efficiently ionize the compounds of interest, thereby resulting in realizing ultra-trace level detection. Herein, a hollow cathode discharge (HCD) ion source has been fabricated for the detection of mainly explosives. A schematic of the HCD ion source is shown in Figure 10A where Figure 10B stands for its photograph. The salient feature of the developed HCD ion source is air its carrier gas instead of rare gases like He or Ar, thus HCDI-MS system can deploy at public places such as airports, railway stations, cultural sites etc. for characterization of explosives. The use of air as a carrier gas in the HCD ion source can also ensure no need for periodic change of reagent gas. The HCD ion source was kept as turned on condition at 5 Torr using air as a carrier gas for a month in order to evaluate its robustness and found no severe corrosion inside of the electrodes or insulators with naked eye.
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FIGURE 10. A schematic of the fabricated hollow cathode discharge (HCD) ion source (A). The length of cathode electrode is 5 mm and its inner diameter is 2 mm. An insulator made of aluminum oxide (5 mm thick) is for separation of the cathode and anode. An aperture with 1 mm diameter is for getting ions into the 1 Torr vacuum stage is 1 mm. A stainless steel capillary (ion transfer tube) with an i.d. of 4 mm is used to transfer ions from the ion source to the S-lens. The difference between the aperture and the exit of the transfer tube is 24 mm. There is a ~3 mm gap between the edge of the transfer tube and the first electrode of the S-lens. A photograph for the HCD ion source (B). The dotted-line box around the portion of the photograph shows part (A). Reproduced under permission from Wiley (Habib et al., 2015).


As seen from Figure 10A, the ion source has two inlets for introducing samples under ambient conditions. The inlets made of stainless steel capillary with the length and inner diameter (i.d.) are 10 and 0.25 mm, respectively. The HCD ion source consists of two metallic electrodes made of stainless steel. The two electrodes are separated by an insulator made of ceramic with 5 mm thick. The inlet-1 is connected to the cathode while inlet-2 is connected to the flange of the ion source that acts as an anode (Figure 10A). Inlet-1 is used for ambient sampling throughout the experiments while the inlet-2 closed. A high-voltage power supply (Pulse Electronic Engineering Co. Ltd, Chiba, Japan) was connected to the cathode (length: 2 mm; i.d.: 2 mm) while the flange of the ion source (stainless steel) that acted as an anode was kept at ground potential.

According to the design of the HCD ion source, the ion source pressure can be varied using an aperture of 1 mm diameter by placing it between the flange and the transfer tube (Figure 10A). The gas pressure in the HCD ion source was measured through installing a pressure gauge (SMC, Tokyo, Japan) at the port of inlet-2. The pressure gauge showed a gas pressure of 28 Torr by placing the aperture between the flange and the transfer tube while that was 5 Torr when the aperture was removed. The flow rate of air through the inlet-1 was calculated in order to know an empirical flow rate of the analyte of interest and the calculated flow rate was found to be ~360 mL/min. The ions formed in the HCD ion source were transferred using a transfer tube made of stainless steel to the S-lens of a linear ion trap mass spectrometer (LTQ XL, Thermo Scientific, San Jose, CA, USA). A rotary vane pump was used to keep the pressure at 1 Torr in the first pumping stage in the MS. It is noted that an ion trap mass spectrometer requires high vacuum conditions in order to run the MS properly.

A high-voltage power was applied to the cathode to generate HCD plasma. The potential was just above the threshold of the gaseous breakdown voltage to stabilize the HCD glow. The potential and current were kept constant at −1.30 kV (0.3 mA) and −1.62 kV (0.3 mA) for the ion source pressures 5 and 28 Torr, respectively. Herein, the discharge current was kept relatively at low in order to facilitate soft ionization of the labile explosives while Ganeev et al. (2007) reported that the HCD ion source can be operated within a wide range from a few mA to several hundreds of mA (Ganeev et al., 2007).

As seen from Figure 10A, a dc plasma was generated between the transfer tube and the S-lens by applying +0.85 kV (0.12 mA) and −0.85 kV (0.15 mA) to the transfer tube in the positive and negative ion modes, respectively under 1 Torr ion source pressure in order to investigate the ionization mechanism of the relevant explosives with ion source pressure. A linear ion trap mass spectrometer was used to monitor the ions generated by the HCD ion source for the explosives of interest through adjusting the instrumental settings as follows: 150–200°C for ion transport tube; 80% for S-lens and 600–800 V for RF ion guide voltage. The auto gain control was enabled with a maximum ion injection time of 2 ms, and the number of micro scans was 1. A tandem mass spectrometry (MS/MS) mode was used for characterization of the ions formed from the explosive compounds. Herein, the collision-induced dissociation (CID) mode with the collision energy within a range from 20 to 50% was used where helium was used for collision (Habib et al., 2015).

A microscopic glass slide was used as a sample holder. Exactly 2 μL solution of the relevant explosive was deposited on the slide and kept for air drying. The sample spot diameter was ~2 mm. An air heater (ranging from 150 to 225°C) attached with a quartz nozzle (i.d. 2 mm) was used to vaporize the solid compounds through heating from the backside of the sample spot. A thermocouple was used to observe the heater temperature. The solid explosives were gasified by using the hot air except TATP. This explosive was kept in a glass vial like a headspace because of its high vapor pressure at room temperature and then introduced into the ion source for ionization through the inlet-1 (Figure 10A).

To evaluate the quantitative capabilities of the fabricated HCD ion source, analytical validation, for example, limit of detection (LOD), precision and linear range of coefficient of determination (R2) were investigated with at least four replications (n = 4). Peak areas for the relevant ions, as shown underlined in Table 1, were used to construct the analytical calibration curves for HMTD, RDX, PETN, and TNT. The values of the LOD for the explosive compounds of interest were based on a signal-to-noise ratio (S/N) of at least 3 (Habib et al., 2015). The constructed calibration curves exhibited about two orders of magnitude of their linear range with reproducible signal intensities.

The hollow cathode discharge (HCD) ion source has been fabricated in order to analyze the explosive compounds as shown in Table 2. Mass spectra for TATP and HMTD in the positive mode and that for RDX, PETN, TNT, and NG in the negative mode were measured through adjusting the ion source pressures at 1, 5, and 28 Torr. The ion source temperatures for analysis of the explosives are also tabulated in Table 2 (Habib et al., 2015).


Table 2. Limits of detection (LODs) (pg) and observed ions (m/z values in parentheses) for the explosives examined at three ion source pressures.
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Figures 11A,B show the background mass spectra for the HCD ion source recorded at 5 Torr in the positive and negative ion modes, respectively. As seen from Figures 11A,B, oxygen molecular ion, [image: image] (m/z 32), and protonated acetone, [(CH3)2CO+H]+ (m/z 59), are the major ions in the positive ion mode while [image: image] (m/z 46), [image: image] (m/z 60), and [image: image] (m/z 62) ions are observed as the major ions in the negative mode of operation. In the positive ion mode, protonated acetone, [(CH3)2CO+H]+ (m/z 59), as the base peak is reasonable. This is because laboratory air is commonly contaminated with organic solvent such as acetone, ethanol, methanol, ammonia etc. The formation of the protonated acetone, [(CH3)2CO+H]+, ion acts as the major regent ion for the protonation of TATP and HMTD in the positive ion mode. The ambient air molecules became excited by the HCD plasma that causes the formation of the [image: image], [image: image] and [image: image] ions and appeared in the negative ion mode as shown in Figure 11B. Sekimoto and Takayama (2010) described the mechanism of formation of the [image: image], [image: image] and [image: image] ions in the plasma-excited air as well (Sekimoto and Takayama, 2010). Other background signals in Figure 11 were not identified.
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FIGURE 11. Background mass spectra for hollow cathode discharge (HCD) ion source measured at 5 Torr: (A) positive ion mode and (B) negative ion mode. Reproduced under permission from Wiley (Habib et al., 2015).


In conclusion, the fabricated HCD ion source was applied to analyze explosives such as TATP, HMTD, RDX, PETN, TNT, and NG at different ion source pressures in order to investigate ion formation mechanisms. The formation of protonated acetone, [(CH3)2CO+H]+, as a reagent ion in the positive ion mode facilitates the formation of the protonated compounds of interest such as [HMTD+H]+, [TATP+H]+, and its protonated fragment ion, [C3H6O3+H]+ (m/z 91) etc. while the formation of [image: image], [image: image] in the negative ion mode causes the formation of cluster ions of RDX, PETN and also dehydrogenated of TNT, [TNT-H]− (m/z 226) etc.


Mass Spectra of Explosives by HCD Ion Source in Positive Ion Mode

Figures 12A,A1 show the mass spectra for the headspace TATP measured by the HCD ion source in the positive ion mode at 5 and 28 Torr ion source pressure, respectively. As seen from Figures 12A,A1, TATP showed the protonated fragment ion, [C3H6O3+H]+, that appeared at m/z 91 as the major ion along with another protonated fragment ion, [C3H6O2+H]+ (m/z 75) and protonated molecular ion, [TATP+H]+ (m/z 223) as the minor ions, however, a new peak for the ammoniated TATP, [TATP+NH4]+, was observed at m/z 240 when the ion source pressure was kept at 28 Torr. In a blank experiment by introduction of methanol to the ion source, however, there were no ions observed at m/z 91 and 75. By using the ac/dc-APCI, we also found the ammoniated TATP, [TATP+NH4]+ (m/z 240), ion in the positive mode of operation (Habib et al., 2013). This is because of the contamination of laboratory air by the ammonia used in chemical laboratories for different purposes. The presence of ammonia in the laboratory air causes the formation of the adduct ion of the TATP with ammonia, [TATP+NH4]+ (m/z 240). The appearance of the adduct ion at 28 Torr is logical because of presence of requisite level of ammonia at high ion source pressure, 28 Torr, that facilitates the formation of the [TATP+NH4]+ ion. The formation of the adduct ion passes through its transition state complex, [TATP•••NH4]+* and according to transition state theory, a third-body collusion is required to stabilize the intermediate transition state in order to obtain the product, [TATP+NH4]+ ion that can be ascribed by the following equation (Laidler, 1987):

[image: image]

where TB represents the third body.
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FIGURE 12. Positive ion mode hollow cathode discharge (HCD) mass spectra for (A) TATP (headspace) measured at 5 Torr, (A1) TATP (headspace) measured at 28 Torr, (B) HMTD (200 pg) measured at 5 Torr, and (B1) HMTD (200 pg) measured at 28 Torr. Reproduced under permission from Wiley (Habib et al., 2015).


Peak intensities of the relevant ion signals are shown at the upper left hand corner of the spectra. As shown in Figure 12A1, the intensities for the ions appeared at m/z 91, 223 were enhanced by a factor 2 compared to that as shown in Figure 12A. It is noted that high ion source pressure assists the formation of protonated acetone, [(CH3)2CO+H]+ (m/z 59) and/ or hydronium ion, H3O+, as reagent ions in the positive ion mode. The relatively high level of the reagent ions, [(CH3)2CO+H]+/H3O+, at high ion source pressure enhances the formation of the protonated ion of the relevant compounds. Therefore, it is concluded that plasma-based ionization methods facilitate the formation of protonated fragment ion, [C3H6O3+H]+, of the TATP that appeared at m/z 91. Takada et al. (2012b) also found the protonated fragment ion for TATP, [C3H6O3+H]+ (m/z 91), by using counter-?ow dc corona APCI (Takada et al., 2012b), however, electrospray-based ionization methods such as DESI (Cotte-Rodríguez et al., 2008), extractive electrospray ionization (EESI) (Chen et al., 2009) facilitate the formation of protonated, sodiated, and ammoniated TATP. Sigman et al. (2006) analyzed TATP by the chemical ionization, and performed a theoretical calculation using the density functional theory (DFT) in order to investigate the fragmentation pathway of the [TATP+H]+ (m/z 223) ion (Sigman et al., 2006). They also reported the formation of the protonated fragment ion for the TATP, [C3H6O3+H]+ (m/z 91), as well.

Figures 12B,B1 show the mass spectra of HMTD measured by HCD ion source at 5 and 28 Torr in the positive ion mode, respectively. Results show that HMTD appeared as its protonated molecular ion, [HMTD+H]+ (m/z 209), as the major with a protonated fragment ion, [HMTD+H-CH2O]+, as a minor ion that appeared at m/z 179 (Habib et al., 2015). It has also been reported that HMTD detected as its protonated form, [HMTD+H]+, by using discharge-based ion sources (Chen et al., 2010; Hiraoka et al., 2010; Garcia-Reyes et al., 2011; Habib et al., 2014). As seen from Figure 12B1, intensity of the protonated molecular ion, [HMTD+H]+, increased by a factor of 7 as the ion source pressure increases from 5 to 28 Torr and the ratio of [HMTD-CH2O]+/[HMTD+H]+ decreased. Hiraoka (2013) also reported that the higher ion source pressure stabilizes of a nascent protonated molecular ion by a third-body collision. It is noted that electrons generated in the HCD plasma gain relatively low kinetic energy under high gas pressure (Mavrodineanu, 1984). Therefore, it is concluded that high ion source pressure facilitates the detection of HMTD as its protonated form. The other peaks shown in Figures 12B,B1 were not assigned.

The high ion source pressure in the HCD plasma facilitates the formation of protonated molecular and/or protonated fragment ion in the positive ion mode. This is the reason for finding the enhanced intensity for the protonated ions at higher ion source pressure for HMTD and TATP. In conclusion, the high gas pressure is desirable in the positive HCD ion source in order to detect the explosive compounds at trace levels.



Mass Spectra of Explosives by HCD Ion Source in Negative Ion Mode

Figures 13A,A1 show the negative mode mass spectra for 1 ng RDX measured by the HCD ion source at 5 and 28 Torr ion source pressure, respectively. As seen from Figure 13A, RDX exhibited severe fragmentation at 5 Torr, thus its fragment ion, [RDX-NO2-HNO2]− (m/z 129), appeared as a base peak while its adduct ions, [RDX+NO2]− (m/z 268) and [RDX+NO3]− (m/z 284), appeared as minor ion signals. Contrary to the higher ion source pressure (28 Torr), the adduct ion of RDX with the reagent ion [image: image], [RDX+NO3]− (m/z 284), appeared as a major ion where the ion intensity of the [RDX+NO3]− ion was 8 times higher than that for 5 Torr. It is reasonable that the higher ion source pressure enhances the formation of the adduct ion of RDX, [RDX+NO3]− (m/z 284). This is because the rate of formation of the reagent ions i.e., [image: image] and [image: image], in the negative ion mode increases with the ion source pressure. The presence of plenty of the reagent ions under the higher gas pressure acts as a third body that enhances the collisional probability between the RDX and [image: image], thus the transition state complex of RDX with [image: image], [RDX•••NO3]−* gains adequate stabilization energy. By dc glow discharge ionization, RDX gave mostly fragment ions under 0.8 Torr of air pressure (McLuckey et al., 1996), however, adduct ions of RDX, [RDX+NO2]– and [RDX+NO3]−, were observed as major ions using atmospheric-pressure DBD ion source (Na et al., 2007b; Garcia-Reyes et al., 2011; Habib et al., 2014; Bi et al., 2021).


[image: Figure 13]
FIGURE 13. Mass spectra for (A) RDX (5 Torr), (A1) RDX (28 Torr), (B) PETN (5 Torr), (B1) PETN (28 Torr), (C) TNT (5 Torr), and (C1) TNT (28 Torr) measured by the HCD ion source in the negative ion mode. The MS/MS spectrum of [TNT-H+O]− (m/z 242) is shown in the inset (CID: 25%). Reproduced under permission from Wiley (Habib et al., 2015).


Figures 13B,B1 show the mass spectra for 10 ng of PETN measured by HCD in negative ion mode at 5 and 28 Torr of ion source pressures, respectively. As shown in Figure 13B, the intensity of the fragment ion, [PETN-CH2ONO2]− (m/z 240), for PETN is higher than that of the adduct ion with [image: image], [PETN+NO3]− (m/z 378) at 5 Torr. The intensity of the adduct ion, [PETN+NO3]−, increases with ion source pressure and ultimately became as the major ion at 28 Torr. McLuckey et al. (1996) found only the fragment ion for PETN, [PETN-CH2ONO2]− (m/z 240), in the negative ion mode using dc glow discharge through adjusting the ion source pressure at 0.8 Torr with air (McLuckey et al., 1996). However, by using the atmospheric pressure DBD ionization, PETN gave the adduct ion, [PETN+NO3]− (m/z 378), as the major ion (Zhang et al., 2009; Habib et al., 2014), that was also found for the RDX (Figure 13A1).

Among the explosives, TNT has widely been studied through fabrication of various ion sources for mass spectrometry including MSn system (Harper et al., 2008; Zhang et al., 2009; Nilles et al., 2010; Garcia-Reyes et al., 2011; Habib et al., 2013). Figures 13C,C1 show the negative mode mass spectra for 2 ng TNT measured by HCD ion source at 5 and 28 Torr, respectively. As seen from Figure 13C, the fragment ion, [TNT-H]− (m/z 226), is the major ion at 5 Torr along with other fragment ions such as, [TNT-NO]− (m/z 197), [TNT-2NO]− (m/z 167, [TNT-3NO]− (m/z 137) as the minor ions, however, TNT usually gives its molecular ion, [TNT]−, as the major ion even in the ambient conditions (Habib et al., 2013). Furthermore, TNT gave an adduct ion, [TNT-H+O]− (m/z 242), as the minor ion at 5 Torr. The adduct ion, [TNT-H+O]− (m/z 242), became as the major ion at 28 Torr (Figure 13C1). On the basis of the mass spectra of TNT at 5 and 28 Torr, it may conclude that the TNT molecules suffered from complicated ion-molecule reactions in the HCD ion source.

To investigate the formation of the fragment and adduct ions from TNT molecules using the HCD ion source, tandem mass spectrometry (MS2) was applied to monitor the collision induced dissociation (CID) products. Herein, the adduct ion, [TNT-H+O]− (m/z 242), was taken as a precursor ion to monitor the MS2 CID product ions. The inset in Figure 13C1 shows the MS/MS product ion spectrum for the precursor ion, [TNT-H+O]− (m/z 242). As seen from MS/MS spectrum (inset in Figure 13C1), the first product ion, m/z 225, is due to elimination of OH from the precursor ion, [TNT-H+O]− (m/z 242), ion at m/z 210 is due to elimination of NO from [TNT]- (m/z 227), ion at m/z 167 is for elimination of NO from [TNT-NO]− (m/z 197), ion at m/z 137 is for elimination of NO from [TNT-2NO]− (m/z 167) and ion at m/z 107 is for elimination of NO from [TNT-3NO]− (m/z 137).

Nitroglycerine (NG) an explosive compound was also analyzed by the HCD ion source in the negative mode of operation at 1, 5, and 28 Torr of ion source pressures (data not shown). Unlike RDX and PETN, NG did not show any ion signal at low ion source pressure such as 1 and 5 Torr even though the amount of NG was increased up to 10 ng, however, the adduct ion for NG with [image: image], [NG+NO3]− (m/z 289), was observed at 28 Torr (Habib et al., 2015). In the negative ion mode, NG may provide [image: image] as a fragment ion (McLuckey et al., 1996; Hiraoka et al., 2010) that hampers the analysis of NG at low ion source pressure. This is because [image: image] is one of the reagent ions of the HCD ion source (see Figure 11B). Thermal instability of NG causes poor detection sensitivity as its adduct ion with the [image: image], [NG+NO3]−. Yinon et al. (1997) also found the formation of the adduct ion of NG with [image: image] reagent ion, [NG+NO3]− (Yinon et al., 1997). To investigate the stability of NG, a preliminary experiment was done through depositing a considerable amount on a metal substrate and found it decomposed above ~100°C.

As seen from Figures 12, 13, the mass spectra for the explosive compounds remarkably depend on the ion source pressures. Thus, additional experiments for the explosives were performed at relatively lower ion source pressure (1 Torr) in order to investigate the ionization mechanism of the explosives with the ion source pressures. At 1 Torr, a dc plasma was generated between the transfer tube and S-lens by applying +0.85 kV and −0.85 kV in the positive and negative ion modes, respectively. In the both positive and negative ion modes, TATP and HMTD did not give any ion signals under 1 Torr ion source pressure, on the other hand, RDX, PETN, and TNT exhibited strong ion signals in the negative mode of operation (see Figures 14A–C). As seen from Figure 14A, RDX gave the fragment ion, [RDX-NO2-HNO2]− (m/z 129) that found as the major ion along with the other fragment ions such as, [RDX-NO2-CH2NNO2]− (m/z 102) and [RDX-NO2]− (m/z 176) as the minor ions at 1 Torr. The results were in good agreement with the results obtained by McLuckey et al. (1996) where they used low pressure glow discharge ion source (0.8 Torr of air pressure) (McLuckey et al., 1996). Figure 14B shows the mass spectrum for 10 ng of PETN in the negative ion mode. Herein, PETN only gave the fragment ion, [PETN-CH2ONO2]− (m/z 240) in the negative mode. McLuckey et al. (1996) also found the appearance of the fragment ion, [PETN-CH2ONO2]−, as the major ion at 0.8 Torr of air pressure (McLuckey et al., 1996). It is noted that RDX and/or PETN did not give an adduct ions such as [M+NO2]− or [M+NO3]− when the ion source pressure was kept at 1 Torr, however, these adduct ions were appeared in abundance at 5 and/or 28 Torr. Figure 14C shows the mass spectrum of TNT (2 ng) in the negative ion mode at 1 Torr. As seen from Figure 10C, TNT gave the molecular ion, [TNT]− (m/z 227) as the major ion with very high ion intensity (1.70E6) under 1 Torr ion source pressure along with the [M-NO]− (m/z 197) and [M-OH]− (m/z 210) ions as the minor ions. The other fragment ions such as [M-H]− (m/z 226), [M-2NO]− (m/z 167) and also the adduct ion, [M-H+O]− (m/z 242) were completely absent at 1 Torr (see Figure 14C). The major ions observed under different ion source pressures such as 1, 5 and 28 Torr are tabulated in Table 2. The limits of detection (LODs) with S/N ≥3 for the explosives of interest are also summarized in Table 2. It is noted that the explosive compounds did not give any dimer ions by using the fabricated HCD ion source.


[image: Figure 14]
FIGURE 14. Mass spectra for (A) RDX (1 ng), (B) PETN (10 ng), and TNT (2 ng) at 1 Torr using the HCD ion source in the negative ion mode. Reproduced under permission from Wiley (Habib et al., 2015).


On the basis of the analytical calibration curves, the values of LOD for HMTD, RDX, PETN, and TNT were 20, 40, 800, and 2 pg, respectively. These values are comparable to those obtained by DESI (Takáts et al., 2005; Cotte-Rodríguez et al., 2008), EESI (Chen et al., 2009), DBDI (Harper et al., 2008; Zhang et al., 2009; Garcia-Reyes et al., 2011), and ac-APCI (Habib et al., 2013). The LOD value for PETN was 800 pg measured by the HCD (Table 2) while Zhang et al. (2009) found only 500 fg using DBD ion source that is 16 times lower than that observed by the HCD ion source (Zhang et al., 2009). This is logical because the ions generated by the DESI, EESI and DBDI under ambient conditions and introduced directly into the mass spectrometer, thus, the compounds of interest and their ions do not suffer from thermal decomposition. On the other hand, in the HCD ion source, the formed ions might be suffering from the thermal decomposition because of the high temperature (150°C) of the ion source that was observed in this study (Table 2). The compact size of the HCD ion source also causes the neutralization of the formed ions by hitting walls of the ion source under reduced pressure. As seen from Figures 13, 14, the intensities (digits at left top in each spectrum) of the observed ions were increased with increased the ion source pressure except for TNT at 1 Torr where TNT was observed as its molecular ion, [TNT]−, with the strongest ion signal (ion intensity 1.70E6). Under low ion source pressure, the electron capturing process became more favorable for TNT molecules because of their positive electron affinity (Habib et al., 2014). As described above, lower ion source pressure is suitable to detect TNT with better sensitivity in the negative mode of operation, however, RDX, PETN, and NG in the negative ion mode and TATP and HMTD in the positive mode exhibited better sensitivity with low values of LOD under the higher ion source pressures. In the previous study, ion formation mechanism for the explosive compounds by using the HCD ion source has been significantly discussed (Habib et al., 2015).

Nitro- and nitro-groups containing compounds exhibit positive electron affinity, thus electron affinity for NO3 is 3.92 eV (Lias et al., 1988) while that for TNT is only 2.50 (Habib et al., 2015). Cooper et al. (2012) performed ab initio calculations in order to obtain the values of the electron affinities for RDX, HMX, TNT, and PETN and they found positive electron affinities for these explosive compounds. However, these explosive compounds did not give the molecular ion, M−, except TNT in the negative mode of operation (Habib et al., 2015). The results suggest that RDX, PETN and NG prefer adduct/cluster ion formation with the reagent ions i.e., [image: image]/[image: image] rather than electron capturing process in the HCD ion source. The results were in good agreement by the other groups where they used plasma-based ionization methods (Na et al., 2007b; Zhang et al., 2009; Garcia-Reyes et al., 2011; Habib et al., 2014). It has been reported that NOx is one of the major products in plasma-excited air (Nagato et al., 2006; Sekimoto et al., 2012). The nitro-species (NOx) formed in the plasma-excited air capture electrons preferably because of their higher electron affinity than that of the relevant explosives, thereby resulting in decreasing the signal intensity of the [TNT]− ion with pressure (Habib et al., 2015).

As described above, ionization of TNT is strongly dependent on the ion source pressure (see Figures 13C,C1, 14C). To investigate the ion formation mechanism of the TNT molecules with ion source pressure, additional experiments were performed using air and nitrogen as carrier gas. Figure 15A shows a schematic of the fabricated HCD ion source in which there are two inlets: inlet-1 for introduction of the analytes with air into the ion chamber while inlet-2 was closed (see Figure 7). To confirm the ionization of TNT with different ion source pressures, a sample was introduced through inlet-2 while the inlet-1 was closed as shown in Figure 15A. Figures 15B,C show the negative HCD mass spectra of TNT for air and N2 as carrier gas, respectively. As seen from Figures 15B, there is no molecular ion of TNT, [TNT]−, as air was the carrier gas, but the fragment ions, [TNT-H]− (m/z 226) and [TNT-NO]− (m/z 197) are appeared with strong intensities where [TNT-H]− is the major ion. In contrast, by using N2 as a carrier gas, the molecular ion for TNT, [TNT]− (m/z 227) appeared as the major ion with a strong intensity where the fragment ion, [TNT-H]− (m/z 226) has been completely disappeared (see Figure 15C). However, another fragment ion for TNT, [TNT-NO]− (m/z 197) appeared as the minor ion with a much weaker intensity.


[image: Figure 15]
FIGURE 15. A diagram of the HCD ion source (A) (details are shown in Figure 10). Mass spectra of TNT using air (B) and N2 (C) as carrier gas in the negative ion mode under ion source pressure 5 Torr. The inset depicts the MS/MS mass spectrum for the TNT molecular ion, [TNT]− (m/z 227), with 25% of CID. Reproduced under permission from Wiley (Habib et al., 2015).


The explosive compound TNT has also been investigated by using different atmospheric pressure ion sources such as DBDI (Na et al., 2007b; Harper et al., 2008; Zhang et al., 2009; Chen et al., 2010; Usmanov et al., 2013), dc-corona APCI (Takada et al., 2002), electrospray-based techniques (Yinon et al., 1997; Takáts et al., 2005; Chen et al., 2009), and ac-corona APCI (Habib et al., 2013). By using the electrospray-based ionization methods, TNT usually gave its molecular ion, [TNT]−, as the major ion where the fragment ion, [TNT-H]−, rarely observed (Yinon et al., 1997; Takáts et al., 2005; Chen et al., 2009).

However, discharge-based ionization methods provided the strong ion signals of the fragment ion, [TNT-H]−, and molecular ion, [TNT]− for TNT. Song and Cooks (2006) reported that TNT gave strong ion signals of the [TNT-H]− and [TNT]− using the desorption atmospheric pressure chemical ionization (DAPCI) (Song and Cooks, 2006). Dielectric barrier discharge ionization (DBDI) also produced the strong signals of the [TNT-H]− and [TNT]− (Na et al., 2007b; Zhang et al., 2009; Usmanov et al., 2013). Thus, it is concluded that ionization methods play a vital role in the relative ratio of [TNT]− and [TNT-H]−. The presence of air in the plasma also causes the variation of the relative ratios of the [TNT]− and [TNT- H]− ions (Na et al., 2007b; Zhang et al., 2009; Usmanov et al., 2013; Habib et al., 2015). The direct analysis in real time (DART) exhibited a strong signal of the [TNT]− ion because of use of helium plasma in DART (Cody et al., 2005; Nilles et al., 2010). The presence or absence of air in the plasma/glow causes the relative abundances of [TNT]− and [TNT-H]−. It is, therefore, concluded that the analysis of explosives at trace-level is really a challenging task from the analytical point of view.

In summary, the developed HCD ion source exhibited better sensitivity for the explosives such as HMTD, TATP, RDX, PETN etc. both in the positive and negative ion modes under high ion source pressures, e.g., 5 and 28 Torr, however, ultra-trace level detection was achieved for TNT (LOD ~2 pg) at lower pressure (1 Torr) in the HCD plasma in the negative ion mode. At 1 Torr, no cluster ions were observed from the RDX and PETN through ion-molecule reactions while these two explosive compounds gave fragment ions with better sensitivity, particularly RDX at lower ion source pressure (1 Torr). It is noted that density of electrons goes to the maximum levels under low ion source pressure (e.g., 1 Torr) in the HCD plasma, thus compounds having positive electron affinity take part in electron attachment reactions. Accordingly, TNT exhibited its molecular ion, [TNT]− (m/z 227), as the major ion through electron attachment reactions while RDX and PETN took part in electron capture dissociation in the negative ion mode at 1 Torr. The estimated value of electron affinity for TNT was found to be 0.6–0.7 eV (Batley and Lyons, 1962; Foster, 1969). While the electron capture dissociation reactions of RDX and PETN gave their fragment ions as the major ion signals under low ion source pressure (1 Torr). RDX and PETN gave cluster ions with the reagent ions i.e., [image: image], [image: image] at higher ion source pressure such as 5 and 28 Torr while AN showed cluster ion of HNO3 with [image: image], [HNO3+NO3]− (m/z 125). This is because AN decomposes to HNO3 in the plasma-excited air and the formed HNO3 forms cluster ion with the predominantly present [image: image] ion in the HCD ion source. Among the explosive compounds, TNT showed significant pressure dependence mass spectra. At 1 Torr, the major ion signal for TNT was its molecular ion, [TNT]− (m/z 227), however, fragment ions became major ions such as [TNT-H]−, [TNT-nNO]− (n = 1–3), and [TNT-H+O]− with increasing ion source pressure from 1 to 28 Torr. It has been proposed that the predominant presence of [image: image], [image: image] as well as O3 in the HCD ion source causes the formation of these fragment ions. The limits of detection for the explosives examined were a bit higher than those reported by DESI, DBDI and/or DAPCI, however, the present HCD ion source showed as robust, compact and easy to operation. Moreover, the use of air as a carrier gas in the HCD ion source is its merit to deploy at public places in order to detect explosives along drugs of abuse.




ALTERNATING CURRENT CORONA DISCHARGE/ATMOSPHERIC PRESSURE CHEMICAL IONIZATION (AC-APCI)

In the atmospheric pressure chemical ionization (APCI), direct current (dc) has long been used since its pioneering work by Horning and co-workers in the 1970s (Horning et al., 1973). In 1975, Carroll and co-workers developed a corona discharge electrode, which had a larger dynamic response range (Carroll et al., 1975). The APCI has already been coupled to mass spectrometry and has widely been used to the commercial GC/MS (Horning et al., 1973) as well as to LC/MS (Horning et al., 1974; Byrdwell, 2001).

An ac-corona-based ambient atmospheric pressure chemical ionization (ac-APCI) was fabricated using an acupuncture needle (stainless steel made) with o.d. (outer diameter); 0.12 mm and tip diameter: 700 nm (Seirin, Shizuoka, Japan). For comparison, the same acupuncture needle was used to generate dc-corona as well. Figure 16 shows the experimental setup for ac- and dc corona-based APCI. As seen from Figure 16, the distance between the needle and inlet of the MS was only 3 mm. Figures 16A,B show open space and closed system plastic tube (perfluoroalkoxy, PFA), respectively.


[image: Figure 16]
FIGURE 16. Experimental set ups for ac- and dc corona-based APCI. A stainless steel made acupuncture needle, having 0.12 mm of o.d. and 700 nm of tip diameter, was used as an electrode. The needle was positioned at 3 mm far from the inlet of the mass spectrometer. (A) for open space system and (B) for plastic (PFA) tube with 8 mm long and its i.d.: 2 mm and o.d.: 4 mm. Reproduced under permission from Wiley (Habib et al., 2013).


In the fabrication of ac corona-based APCI, a function generator was used to generate 15 kHz radio frequency (RF) in order to apply ac voltage to the needle. Exactly 2.6 kVPTP (peak-to-peak) ac voltage was applied to the needle without plastic tube while 2.7 kVPTP (peak-to-peak) was for the needle with the plastic tube. In the dc corona-based APCI, a range of voltage from +2.5 to −1.5 kV was applied to the needle without plastic in the positive and negative ion modes while that ranging from +3.4 to −2.3 kV was applied to the needle with plastic, respectively through 4 μA discharge current kept constant. Due to the charging effect inside the plastic tube, the dc discharge voltage was fluctuated and found relatively higher values than that for ac corona with plastic. The voltages for the ac and dc corona were adjusted just above the threshold levels of gas discharge in order to obtain stable glow/plasma. The high voltage causes arc or spark discharge that leads to generation of extremely high discharge currents (≥200 μA) (Akishev et al., 2005). The generation of arc between the needle and the counter electrode (metallic flange of MS) may cause damage to the MS through creating a short circuit.

Triacetone triperoxide (TATP) and TNT were taken as model explosive compounds to evaluate the performance of the developed ac-APCI as an ambient ion source for trace-level detection of explosives. Herein, the developed ac-APCI was compared with a dc-APCI using the TATP and TNT in positive and negative ion mode, respectively in order to investigate its potentiality as an alternative to commercial dc-APCI (Habib et al., 2013). The electric field created by the plasma at the tip of the needle is radially diffused along the electric field for the open system as shown in Figure 16A, however, in the closed system (with plastic tube), the plasma was confined in the plastic tube (Figure 16B). In fact, the charging effect created inside the plastic tube causes it to confine the plasma inside the tube. The different characters of the dc plasmas without and with plastic tube leaded characteristics spectral pattern from the relevant explosive compounds.


Positive Ion Mode AC- and DC Corona-Based APCI

Figure 17 shows the mass spectra of TATP in positive ion mode by using ac/dc open and plastic tube systems. As seen from Figure 17, TATP showed an adduct ion with ammonium, [TATP+NH4]+, as the base peak for all the systems along with many background signals originated from the laboratory air. This result suggests that ac corona (Figures 17B,D) can be used in the development of APCI ion source for mass spectrometry because of similar performance to the dc corona discharge (Figures 17A,C).


[image: Figure 17]
FIGURE 17. Mass spectra of TATP (head-space gas) in the positive ion mode (A) dc-APCI without plastic tube (applied voltage: +2.5 kV dc), (B) ac-APCI without plastic tube (applied voltage: 2.6 kVptp ac), (C) dc-APCI with plastic tube (applied voltage: +3.4 kV dc), and (D) ac-APCI with plastic tube (applied voltage: 2.7 kVptp ac). Reproduced under permission from Wiley (Habib et al., 2013).


Sigman et al. (2006) reported that TATP also forms adduct ion with ammonium, [TATP+NH4]+ by using electron and chemical ionization coupled to GC-MS and/or GC-MS/MS systems, however, they did not observe both the fragment ions (having m/z values higher than 60) and protonated molecular ion, [TATP+H]+ (m/z 223), through applying subsequent collision-induced dissociation (CID) (Sigman et al., 2006). The binding energy for the [TATP-NH4] was calculated using DFT (basis set: B88LYP/DVZP level) calculation and found to be 25 kcal/mol.

As seen from Figures 17A–D, TATP gave strong ion signal as its ammoniated adduct ion, [TATP+NH4]+ (m/z 240), in all types of ac/dc and open/plastic system in the positive ion mode. The appearance of the adduct ion, [TATP+NH4]+ (m/z 240), as the major ion would be used as a better diagnostic ion at trace-level detection of TATP at public places in order to provide public security and safety. In the open system, the intensity of the adduct ion was about two times higher in dc/open than that in ac/open. Contrast to the closed system (with plastic tube), the intensity of the adduct ion was about two times higher for ac/closed compared to that for dc/closed system. The creation of static charge inside the plastic tube traps the positive adduct ion, [TATP+NH4]+, that leads to the lower value of the ion intensity. It is expected that the value of the static potential (wall potential) would be higher than that of plasma, thus the adduct ion, [TATP+NH4]+, suffered from fragmentation. This could be the reason for observing the low value of the intensity of the adduct ion in the dc/plastic system (Habib et al., 2013).



Negative Ion Mode AC- and DC Corona-Based APCI

As mentioned above, TNT was taken as a model explosive compound to investigate the performance of the fabricated ac- and dc corona-based APCI. Figures 18A,B show the mass spectra of TNT by using dc/open-APCI and ac/open-APCI, respectively. As seen from Figure 18A, TNT gave the fragment ion, [TNT-NO]− (m/z 197), as the major ion while the molecular ion, [TNT]− (m/z 227), and/or fragment ion, [TNT-H]− (m/z 226), appeared as the minor ions. Contrast to the ac/open APCI, TNT rather gave its molecular ion, [TNT]−, as the major ion where the fragment ion, [TNT-NO]−, along with the adduct ion, [TNT-H]−, appeared as the minor ions (Figure 18B). These results suggest that the ion-molecule reactions for TNT molecules took place rather softer in the ac/open APCI.
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FIGURE 18. Mass spectra of TNT in the negative ion mode (A) dc-APCI without plastic tube (dc applied voltage: −1.5 kV), (B) ac-APCI without plastic tube (ac applied voltage: 2.6 kVptp), (C) dc-APCI with plastic tube (applied voltage: −2.3 kV dc), (D) ac-APCI with plastic tube (applied voltage: 2.7 kVptp ac), (E) TNB, dc-APCI with plastic tube (applied voltage: −2.3 kV dc), and (F) TNB, ac-APCI with plastic tube (applied voltage: 2.7 kVptp ac). Reproduced under permission from Wiley (Habib et al., 2013).


As seen from Figure 18C, TNT gave only the fragment ion, [M-NO2]− (m/z 197), in the dc/plastic APCI system. However, TNT exhibited its molecular ion, [TNT]−, as the major ion while the only fragment ion, [TNT-NO]−, appeared as the minor ion with a much weaker intensity in the ac/plastic APCI system. But it was expected to observe the fragment ion, [TNT-H]−, under the ambient condition for the ac/plastic system. This result suggests that TNT took place in an electron capturing reaction in the ac-corona that leads to the formation of its molecular ion, [TNT]−. It is, therefore, concluded that the ac/plastic-based APCI showed as a much softer ion source than the dc/plastic-APCI. In order to confirm this phenomenon, 1,3,5- trinitrobenzene (TNB), which is structurally similar to TNT, was investigated using the dc/plastic and ac/plastic systems and its mass spectra are shown in Figures 18E,F, respectively. As seen from Figure 15E, TNB gave only the fragment ion, [M-NO]− (m/z 183) that is just mimic of TNT in the dc/plastic system while TNB showed its molecular ion, [TNB]− (m/z 213), as the major ion where the fragment ion, [TNB-NO]− (m/z 183) as the minor ion in the ac/plastic system.

The developed dc/plastic-APCI and ac/plastic-APCI ion sources were examined in order to evaluate their analytical validation in quantification of explosives at trace level. Herein, TNT was taken as a model explosive compound. In the dc/plastic system, signal intensities for the fragment ion, [M-NO]− (m/z 197) were used to construct the analytical calibration curve while that for the molecular ion, [TNT]− (m/z 227), were used for the calibration curve in the ac/plastic system. A good dynamic range up to 2 ng was observed for both the cases with a correlation coefficient R2 of ~0.99 (Habib et al., 2013). The values of limits of detection (LODs) for TNT (S/N: 3) were 50 and 30 pg in the dc/plastic and ac/plastic systems, respectively. The low values of standard deviations with five replications demonstrate the good reproducibility in the dc/plastic and ac/plastic systems.

As seen from Figures 18C,E, the ions were underwent severe fragmentation in the dc/plastic compared to that in the ac/plastic for TNT and TNB, respectively while dc/open system exhibited moderate and ac/open showed less fragmentation in the negative mode of ionization. The PFA plastic surface acts as perfectly an insulator, thus the applied high voltage creates static charging in the inner wall of the plastic tube (Akishev et al., 2005). It is expected that the plasma developed inside the plastic tube distributed uniformly and becomes convex at the tip of the needle that causes the plasma to be diffusive toward the radial direction in the dc/open system. Under this circumstance, the formed primary ions in the plasma have less chance to undergo secondary decomposition (Habib et al., 2013). On the contrary, a concave shape of the equipotential surface is formed at the tip of the needle because of the inner wall static charging. The formation of the concave shape allows the confinement of the plasma within a narrow space, thus the ions generated must undergo further severe secondary fragmentation. The ac corona, however, should be different from the dc corona from their origin point of views. The ac corona plasma generated in the plastic (PFA) tube must have some characteristic features compared to that generated in the open system. The inner insulating wall has a strong effect on the local field distortion caused by a surface charge accumulation on the dielectric (Akishev et al., 2005; Habib et al., 2013). The charge accumulation developed on the dielectric surface controls the discharge current, thus the initially formed plasma ceases before the transition from glow discharge to arc-like hot plasma. The wall charging causes the occurrence of a non-equilibrium cold plasma that is responsible for the better performance in the ac/plastic system as shown in Figures 18D,F.

As described above, dc corona in positive as well as in negative ion modes showed some different features. In our previous study, we found that the applied voltage for the negative mode (-1.5 kV) was lower than that for the positive mode (+2.5 kV) in the open system in order to keep a constant current of 4 μA (Habib et al., 2013). It is noted that a 4 μA current was kept constant throughout the dc mode experiments. The low value of the applied voltage in the negative mode of operation than that of the positive mode is needed to maintain stable plasma in the negative mode. It is highly expected that the value of the applied voltage in the negative mode of dc corona would be low because of gaining additional electrons by the photoelectron emission and the value was found to be −1.5 kV (Akishev et al., 2003; Habib et al., 2013). Contrary to the dc in positive mode, the applied voltage to the needle tip varied from the initial value of +2.5 kV to the higher values up to +2.8 kV to maintain the constant discharge current. To compare the ac corona-APCI as a soft ionization with the dc corona-APCI ion source, the used acupuncture needles in the open system were examined for erosion by using scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDS) spectra. Figures 19A–D show the SEM images of the used acupuncture needles for ac and dc discharges in the open system. The SEM image for the pristine acupuncture needle is shown in Figure 19A while Figures 19B–D stand for the SEM images of the used in the ac corona, dc negative and dc positive corona after 20 h of continuous discharge operation, respectively. As seen from Figures 19B,C, the tip of the needles was corroded slightly, but the original shape of the needles was reasonably maintained while the tip of the needle was completely eroded and some rugged product was formed at the tip in the positive dc mode of operation (Figure 19D). In the dc positive mode, the voltage was applied to a point electrode but extended to a much longer distance from the point toward the gap than for the negative corona (Lowke and Morrow, 1994). This is because the discharge is streamer discharge and it has two modes such as diffusive and filamentary streamer mode. In the filamentary streamer mode, the surface of the electrode gains the joule energy, thus the tip of the needle becomes heated (Akishev et al., 2003). The heating effect causes severe erosion of the needle rather in the positive dc corona (Bárdos and Baránková, 2009). Therefore, it is concluded that the streamer discharge leads to the melting of the tip of the needle at the filamentary discharge spot in the positive dc corona. However, a thicker needle has widely been used to commercial dc corona APCI.


[image: Figure 19]
FIGURE 19. Scanning electron microscope (SEM) images of acupuncture needles made of stainless steel: (A) before use, (B) ac corona discharge in open space for 20 h (applied voltage: 2.6 kVptp ac), (C) –dc corona discharge in open space for 20 h (applied voltage: 1.5 kV dc), and (D) +dc corona discharge in open space for 20 h (applied voltage: +2.5 kV dc at the start and +2.8 kV dc after 20 h). Reproduced under permission from Wiley (Habib et al., 2013).


Figures 20A,B show the EDX spectra for non-eroded and eroded part of the used acupuncture needle, respectively. As seen from Figure 20A, the signal intensity of the iron Kα from the body part was much stronger than that of the oxygen Kα. However, the Kα for the oxygen was found as the highest intensity from the eroded part as shown in Figure 20B. This result is confirming the formation of oxides at the tip of the acupuncture needle for the dc positive mode of operation. The appearance of the second highest intensity for chromium Kα is reasonable. This is because stainless steel is an alloy of iron with mostly chromium (~18%). When chrome alloy exposes to air, its surface metallic chromium converts to Cr2O3 and forms a very thin layer. The formation of a thin layer of the Cr2O3 prevents the oxidation of iron in steel, however, the tip of the acupuncture needle becomes melted in the positive dc corona discharge mode. This is because the high energetic ejected electrons return back to the needle in the positive dc polarity and heated up the tip of the needle and then melted. The melted part of the needle is readily exposed to air, thereby resulting in formation of oxides of Fe and Cr. Therefore, it is reasonable to observe the very high intensity of oxygen Kα from the eroded part of the needle.


[image: Figure 20]
FIGURE 20. Energy dispersive X-ray spectroscopy (EDX) spectra for the stainless steel acupuncture needle: (A) needle body and (B) eroded part. Reproduced under permission from Wiley (Habib et al., 2013).


An atmospheric pressure chemical ionization (APCI) ion source has been fabricated with the means of point-to-plane ac corona discharge in order to detect explosives. Here, TATP and TNT were taken as model compounds for positive and negative modes of operation, respectively. The developed ac corona APCI gave ion signals that were as strong as in the usual dc corona-based APCI. A perfluorinated plastic tube (PFA) was used as an insulation tube to investigate the ionization mechanism for the explosive compounds. The ac and dc type corona discharges were examined with and without the plastic insulation tube in order to investigate the fragmentation mechanisms of the relevant explosives. Static charging was developed in the insulator wall and that causes fragmentation of the primary ions in the negative dc corona, however, this effect was minor in the ac corona discharge. The ac/plastic system was found to be the best for the APCI ion source. The needle for the ac corona was less eroded than that for positive mode dc corona and was found to be suitable for long-term operation.




CONCLUDING REMARKS

In this review article, fabrication of new ion sources such as homemade helium-dielectric barrier discharge ionization (DBDI), hollow cathode discharge ionization (HCDI), ac-atmospheric pressure chemical ionization (APCI) for mass spectrometry has been taken into account in order to analyze drugs of abuse and explosives at trace to ultra-trace levels. Ultrasonic cutter blade-based desorption method for desorption of solid non-volatile drugs of abuse and explosives has also been discussed. The developed ultrasonic cutter blade-based desorption method showed as a non-thermal method for desorption of non-volatile compounds such as drugs of abuse, explosives etc. The desorption method is also exhibited as a soft desorption process for non-volatile compounds. This is because of the generation of mechanical frictional energy from the cutter blade that is much coherent compared to thermal energy. The developed desorption method is reasonably sensitive and may be applied for quick analysis of contaminants, such as narcotics, explosives and/ or any other non-volatile compounds, deposited on substrates' surfaces. The fabricated homemade He-DBDI ion source was found to ionize a wide range of drugs of abuse and explosives without and/or with minimal fragmentation. The pressure dependent HCD ion source exhibited as a suitable ion source for MS to detect the explosive compounds at trace to ultra-trace levels. The beauty of the fabricated HCD ion source is its carrier gas is air, thus this ion source may be commercialized through coupling with an MS in order to detect explosives at public places. The headspace method has been proven its versatile use in detection of amphetaminic drug compounds even from body fluids at ultra-trace levels. The ac corona-based APCI exhibited as a promising new ion source for MS in detection of explosives.

Despite profuse prospects in the field of MS-based analytical science, there are still some challenges in exploring the remarkable effectiveness of the developed new ion sources and new desorption methods for non-volatile compounds in future:

1. A single ion source should not be suitable for all types of the drugs of abuse and explosives.

2. Investigation of the coupling of the ultrasonic cutter blade-based desorption process with the homemade DBDI-MS system.

3. Fabrication of air-based DBD ion source for ultra-trace levels detection of the drugs of abuse and explosives.

4. Exploration of the developed ion sources for other compounds should be investigated

5. Development of hybrid ion source for MS in order to analyze a wide range of compounds.

6. The developed ultrasonic cutter blade-based desorption method needs further investigation in order to make it as a versatile desorption method for non-volatile compounds.
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Among the phencyclidine (PCP) and synthetic cathinone analogs present on the street market, 3-methoxyphencyclidine (3-MeO-PCP) is one of the most popular dissociative hallucinogen drugs, while 3-methylmethcathinone (3-MMC) is a commonly encountered psychostimulant. Numerous 3-MeO-PCP- and 3-MMC-related intoxication cases have been reported worldwide. Identification of the positional isomers of MeO-PCP and MMC families are particularly challenging for clinical and forensic laboratories; this is mostly due to their difficult chromatographic separation (particularly when using liquid chromatography–LC) and similar mass spectrometric behaviors. 3-MeO-PCP and 3-MMC were identified in two powders, detained by two subjects and seized by the police, by different analytical techniques, including liquid chromatography-high-resolution accurate-mass Orbitrap mass spectrometry (LC-HRAM-Orbitrap-MS), and solid deposition gas chromatography-Fourier transform infrared spectroscopy (sd-GC-FTIR). LC-HRAM-Orbitrap-MS allowed us to assign the elemental formulae C18H27NO (MeO-PCP) and C11H15NO (MMC) through accurate mass measurement of the two MH+ ions, and the comparison of experimental and calculated MH+ isotopic patterns. However, MH+ collision-induced product ions spectra were not conclusive in discriminating between the positional isomers [(3-MeO-PCP vs. 4-MeO-PCP) and (3-MMC vs. 4-MMC and 2-MMC)]. Likewise, sd-GC-FTIR easily allowed us to differentiate between the MeO-PCP and MMC positional isomers unambiguously, confirming the presence of 3-MeO-PCP and 3-MMC, due to the high-quality match factor of the experimental FTIR spectra against the target FTIR spectra of MeO-PCP and MMC isomers in a dedicated library. 3-MeO-PCP (in contrast to 3-MMC) was also detected in blood and urine samples of both subjects and analyzed in the context of routine forensic casework by LC-HRAM-Orbitrap-MS following a simple deproteinization step. In addition, this untargeted approach allowed us to detect dozens of phase I and phase II 3-MeO-PCP metabolites in all biological specimens. Analysis of the extracted samples by sd-GC-FTIR revealed the presence of 3-MeO-PCP, thus confirming the intake of such specific methoxy-PCP isomer in both cases. These results highlight the effectiveness of LC-HRAM-Orbitrap-MS and sd-GC-FTIR data in attaining full structural characterization of the psychoactive drugs, even in absence of reference standards, in both non-biological and biological specimens.
Keywords: 3-methoxyphencyclidine, 3-methylmethcathinone, non-fatal intoxication, forensic toxicology, liquid chromatography-high-resolution mass spectrometry, gas chromatography, fourier transform infrared spectroscopy, solid deposition GC-FTIR interface
INTRODUCTION
The new psychoactive substances (NPS) phenomenon, characterized by peculiar features as opposed to the traditional drug phenomena (Peacock et al., 2019; Zamengo et al., 2019), has emerged as a global threat that challenges public health and institutions (UNODC, 2020). Psychoactive and physical effects, toxicity, addiction potential, and potency may vary dramatically among specific NPS. Furthermore, individual products may contain multiple psychoactive ingredients, adulterants, or by-products in extremely variable concentrations, exposing consumers to unpredictable doses of multiple NPS with serious health-related consequences, especially in young people (Zamengo et al., 2014; Orsolini et al., 2019; Larabi et al., 2020). According to their effects, dissociatives, sedatives/hypnotics, synthetic opioids, hallucinogens, synthetic cannabinoid receptor agonists, and psychostimulants are the NPS that most frequently appear on the recreational drug market (UNODC, 2020).
Synthetic cathinones include a very large number of substances with psychostimulant effects, elicited by augmenting central monoamine transmission through release facilitation and/or presynaptic transport inhibition (Simmons et al., 2018). 3-methylmethcathinone (3-MMC) is a commonly encountered synthetic cathinone, introduced in the NPS market to replace mephedrone (4-methylmethcathinone, 4-MMC), and it has seen rapid spread among drug users (Ferreira et al., 2019; Larabi et al., 2019a). 2-methylmethcathinone (2-MMC) has also been reported, albeit more rarely (Nycz et al., 2016). Several 3-MMC-related non-fatal and fatal intoxication cases have been described (Bäckberg et al., 2015b; Jamey et al., 2016; Ameline et al., 2019a; Margasińska-Olejak et al., 2019).
Phencyclidine (PCP)-based compounds are a group of dissociative hallucinogen NPS that exert their primary pharmacologic effect through blockade of excitatory N-methyl-D-aspartate (NMDA) receptors. Additional effects, as relatively weak opioid and dopamine receptor agonists and on serotonergic and noradrenergic pathways, have been described (Morris and Wallach, 2014; Wallach et al., 2014; Wallach and Brandt, 2018). Among the PCP analogs present on the street market, 3-methoxyphencyclidine (3-MeO-PCP) is one of the most popular ones. Even 4-methoxyphencyclidine (4-MeO-PCP) and 2-methoxyphencyclidine (2-MeO-PCP) have been synthesized (Maddox et al., 1965). 4-MeO-PCP is less potent than 3-MeO-PCP, while 2-MeO-PCP is very weak (Kalir, 1981; Wallach and Brandt, 2018), probably explaining why the latter is almost absent from the recreational market. Instead, the relatively large worldwide diffusion of the most potent 3-MeO-PCP represents the cause of many non-fatal and fatal intoxication cases (Stevenson and Tuddenham, 2014; Bäckberg et al., 2015a; Bakota et al., 2016; Bertol et al., 2017; Johansson et al., 2017; Mitchell-Mata et al., 2017; Zidkova et al., 2017; Ameline et al., 2019b; Ameline et al., 2019c; Berar et al., 2019; de Jong et al., 2019; Grossenbacher et al., 2019; Kintz et al., 2019).
Widespread approaches to identification of NPS rely on gas chromatography (GC) or liquid chromatography (LC) separation coupled to mass spectrometry (MS) detection. A major challenge is thus posed by discrimination between regioisomers, in cases where the compounds show identical retention behavior, as well as fragmentation patterns. The combined use of different techniques may be required to gather complementary data supporting the submitted case. In a very recent report on a fatal intoxication case, the simultaneous combination of nuclear magnetic resonance (1H NMR), ultra-high-performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS), and GC-MS was deemed as necessary to discriminate the structural isomers of MeO-PCP in the biological specimens of the victim (Berar et al., 2019).
Likewise, Fourier Transform Infrared Spectroscopy (FTIR) can be very specific to the determination of functional groups within unknown samples by measuring small energy differences based on rotational and vibrational amplitudes between individual molecular bonds. In this regard, GC-FTIR data may well complement the information afforded by GC-MS and LC-MS in discriminating between regioisomeric compounds (Lee et al., 2019). Especially on-line techniques relying on the use of direct deposition interfaces enable sensitivity of at least two orders of magnitude more (at the ng scale) than the gas phase devices. Moreover, the sharper IR absorption bands arising from analytes in the solid state result in a significant gain in resolution with respect to spectra acquired from gas molecules (down to 4 cm−1) affected by centrifugal distortion (Schneider and Demirgian, 1986). The usefulness of solid deposition GC-FTIR (sd-GC-FTIR) in forensic laboratories has been demonstrated already for a number of different drug categories contained in seized drugs (Lanzarotta et al., 2017; Cheng and Wong, 2019; Salerno et al., 2020); however the characterization of unknown molecules in biological specimens has never been attempted.
In this paper, we describe the analytical characterization, following two non-fatal intoxication cases, of 3-MMC and 3-MeO-PCP in seized products, and 3-MeO-PCP and its metabolites in biosamples. Different analytical techniques were employed, i.e., GC-MS with electron impact ionization (GC-EI MS), liquid chromatography-high-resolution accurate-mass Orbitrap mass spectrometry (LC-HRAM-Orbitrap-MS), and sd-GC-FTIR. The role of the two latter techniques in attaining full structural characterization of the psychoactive drugs and related metabolites, in both non-biological and biological samples, is highlighted.
MATERIALS AND METHODS
Chemicals
Water, acetonitrile, formic acid, ethyl acetate, methanol, and 3,4-Methylenedioxy-N-propylamphetamine (MDPA, internal standard, IS) were purchased from Sigma-Aldrich (Milan, Italy); ammonium formate, potassium dihydrogen phosphate, sodium hydroxide, and Bond Elute Certify 130 mg Solid Phase Extraction (SPE) columns were obtained from Agilent Technologies (Santa Clara, CA, United States).
Sample Preparation
Seized Powders
Two white powders, contained in small bags, were seized by the police from two subjects later admitted to two nearby emergency departments because of neurological impairment. Bag labels indicated 3-MMC and 3-MeO-PCP as active ingredients. Police investigations found that both powders were purchased online. For analytical determination, 1 mg of each seized products were dissolved in 1 mL of methanol. About 1 μL of a one-tenth-fold diluted methanol solution was injected into the GC–MS and sd-GC-FTIR systems, whereas 10 μL of a 100-fold diluted methanol:LC mobile phase A (water with 0.05% formic acid and 10 mM ammonium formate) (10:90, v/v) solution were injected in the LC-HRAM-Orbitrap-MS system.
Biological Fluids
An immunoassay toxicological screening for common drugs of abuse and an enzymatic ethanol test were performed in urine and serum samples of both subjects upon hospital admission. For further toxicological tests, whole blood and urine samples were collected from subject A on admission, while plasma and urine samples were collected from subject B when admitted, and whole blood and urine the day after. For LC-HRAM-Orbitrap-MS analysis, 50 µL aliquots of a 2 μg/mL MDPA methanolic solution were poured in conical bottom tubes and evaporated to dryness by gently blowing nitrogen at an ambient temperature. Whole blood, plasma, and urine samples (250 µL each) were subjected to protein precipitation by adding 750 μL of acetonitrile/methanol 2:1 (v/v), previously stored at 4°C, drop by drop while vortexing for 20 s. Precipitated samples were centrifuged at 2,800 rpm for 5 min and the supernatants taken to dryness. The residues were reconstituted with 50 μL aliquots of methanol:LC mobile phase A (10:90, v/v) and transferred to glass inserts contained in 2 mL autosampler vials. Ten μL aliquots of the obtained solutions were injected onto the LC-HRAM-Orbitrap-MS system. For sd-GC-FTIR analysis, urine samples (0.5 mL each) were diluted with 6 mL of 0.1 M phosphate buffer and extracted on Bond Elute Certify 130 mg SPE columns. The obtained eluates were taken to dryness by gently blowing nitrogen at ambient temperature. The residues were reconstituted with 15 μL of methanol and transferred to glass inserts contained in 2 mL autosampler vials. One μL aliquots of the methanolic solutions were injected into the sd-GC-FTIR system.
GC-EI MS
GC-EI MS analyses of the seized powders were carried out as previously published (Frison et al., 2016b). Briefly, an Agilent 7890 series II/5975 GC/MS quadrupole mass spectrometer operating with electron ionization (EI, 70 eV) in full scan (m/z 40–600) acquisition mode (Agilent Technologies, Cernusco sul Naviglio, Italy) was used. The capillary column was an Agilent HP-5MS UI (ultra inert, 30 m × 0.25 mm, 0.25 μm film thickness), and the oven temperature was programmed from 50 to 300°C. Compounds were identified by comparison within the SWGDRUG MS Library version 3.6 (available at http://www.swgdrug.org/ms.htm), containing over 3,000 EI mass spectra of drugs and drug-related compounds.
LC-HRAM-Orbitrap-MS
LC-HRAM-Orbitrap-MS analyses of both non-biological and biological specimens were carried out employing the analytical conditions previously published for the characterization of several NPS (Frison et al., 2015; Frison et al., 2016a; Frison et al., 2016b; Papa et al., 2019). Briefly, powder solutions and biosample extracts were analyzed using a Thermo Scientific Accela 1250 UHPLC system equipped with a Hypersil Gold PFP analytical column (2.1 mm × 100 mm, 1.9 µm particle size), coupled to a Thermo Scientific single-stage Exactive HCD MS system, interfaced with an HESI-II source. Mobile phase A was water with 0.05% formic acid and 10 mM ammonium formate, and mobile phase B was acetonitrile with 0.05% formic acid. The flow rate was set to 400 μL/min. The mobile phase gradient was as follows: 99% A for 1 min, linear gradient to 70% B in 6.5 min, linear gradient to 100% B in 1 min, held for 5.0 min, and column re-equilibration was performed with linear gradient to 99% A in 0.5 min, held for 3.0 min. MS was performed in positive-ion mode with a scan range from m/z 50 to 800, alternating full scan (HCD off, resolution of 100,000 FWHM at m/z 200) and “all-ion fragmentation” (AIF) (HCD on, collision energies 10, 25, and 50 eV, resolution of 25,000 FWHM at m/z 200) acquisition. External mass calibration was performed, according to the guidelines provided by the instrument supplier, every 2 days over the mass range m/z 130–2,000. Data were acquired and processed using Thermo Scientific Excalibur software version 2.1.0.
sd-GC-FTIR
GC separations of seized powders and biological specimens were performed on a Nexis GC-2030 gas chromatograph equipped with an AOC-20i autosampler (Shimazdu, Kyoto, Japan) coupled to a DiscovIR solid deposition FTIR detector (Spectra-Analysis Instrument Inc., Marlborough, MA, United States). A Supelco SLB-5ms column (30 m × 0.25 mm, 0.25 μm film thickness) was employed for the separation (Merck KGaA, Darmstadt, Germany), using helium (purity 99.99%) as a carrier gas, at a constant linear velocity of 30 cm/s. The 1 μL samples were injected in splitless mode (1.50 min sampling time) at an injector temperature of 280°C. The oven temperature program was set to 100°C for 2 min before being ramped to 350°C at 15°C/min. The final temperature was held for 5.0 min, resulting in total analysis times of 24.0 min.
The end of the column was connected to a deactivated fused silica capillary through a micro Siltite µ-union (Trajan Scientific and Medical, Milton Keynes, United Kingdom) and inserted into a heated transfer line connected to the IR interface. The transfer line and restrictor temperatures were set at 280°C. Blanks were run in between samples to assure that the liner and column were free of contamination. The restrictor was positioned directly above a ZnSe disk, which was chilled down to −50°C by means of liquid nitrogen, and cleaned daily with acetone. The DiscovIR FTIR instrument was equipped with a Mercury-Cadmium-Telluride (MCT) cryogenically cooled detector. Solid-phase IR spectra of the GC eluted compounds were recorded in real time from 100 μm × 100 μm spots in the 650–4,000 cm−1 range, with a resolution of 4 cm−1 and a scan rate of 2 Hz, at a disc rotation speed of 3 mm/min. GC-FTIR data acquisition and processing were performed using the Thermo Galactic GRAMS/AI (version 9.3) spectroscopy and chromatography software. Compounds were identified through the library search program (Spectral ID), using a first derivative correlation algorithm, by comparison within a homemade solid deposition IR spectral library containing IR spectral data of around 600 NPS (namely, Controlled and Prohibited Substances version 1.0).
RESULTS AND DISCUSSION
Identification of synthetic cathinone and PCP analogs, and in particular identification of positional isomers of the MMC and MeO-PCP families, may be particularly challenging for clinical and forensic laboratories. MMC and MeO-PCP analogs may show quite similar chromatographic and, especially, mass spectrometric behaviors, which may hinder their full characterization in the case of unavailability of reference standards for all isomers, and/or their metabolites in case of biosample analysis. These analytical challenges have been addressed by several authors by means of different analytical approaches, for the discrimination of 2-MMC, 3-MMC, and 4-MMC (Power et al., 2011; Power et al., 2012; Jamey et al., 2016; Maas et al., 2017; Zuba and Adamowicz, 2017; Nowak et al., 2018; Kranenburg et al., 2019; Kranenburg et al., 2020a; Kranenburg et al., 2020b) and 3-MeO-PCP and 4-MeO-PCP (Bäckberg et al., 2015a; Bakota et al., 2016; Bertol et al., 2017; Johansson et al., 2017; Mitchell-Mata et al., 2017; Zidkova et al., 2017; Ameline et al., 2019b; Berar et al., 2019; de Jong et al., 2019; Kintz et al., 2019). However, such discriminative analyses were in most cases carried out with all the necessary reference standards available. We attained the full identification of the two NPS under study, in both non-biological (3-MMC and 3-MeO-PCP) and biological (3-MeO-PCP) specimens, through a combination of GC-EI MS, LC-HRAM-Orbitrap-MS, and sd-GC-FTIR, without resorting to specific reference standards. In particular, reliable results obtained from searching into dedicated spectral libraries allow for confident compound identification to be attained even if the reference material is not at hand.
Analysis of Seized Powders
3-MMC and 3-MeO-PCP were putatively identified in the two seized powders through comparison of their GC-EI MS spectra with those of the SWGDRUG library and 3-MMC and 4-MMC reference standards, as, at the time of case processing, no 2-MMC and MeO-PCP standards were available (Figure 1). As a matter of fact, the identification of MMC and MeO-PCP positional isomers was not conclusive by GC-MS alone. Actually, isomers of the two chemical families may show similar EI spectra. For instance, 4-MMC, 3-MMC, and 2-MMC EI spectra are hardly distinguishable due to their extreme similarity (Power et al., 2011; Zuba and Adamowicz, 2017); they are in all cases characterized by the barely visible molecular ions at m/z 177, not abundant fragment ions at m/z 162, 119, 91, 65, and 56 and the unspecific base peak at m/z 58, caused by the well-known formation of the immonium ion via the amine-initiated alpha-cleavage of the benzylic bond, characteristic of all N-methyl phenethylamines (Frison et al., 2011). Also, 3-MeO-PCP and 4-MeO-PCP are hardly distinguishable by their EI spectra (Bertol et al., 2017; Mitchell-Mata et al., 2017; Kintz et al., 2019).
[image: Figure 1]FIGURE 1 | Full scan chromatogram and EI mass spectrum of the peak at 5.11 min obtained from GC-MS analysis of the first seized powder (A), full scan chromatogram and EI mass spectra, obtained from GC-MS analysis of 3-MMC and 4-MMC standards (B), and full scan chromatogram and EI mass spectrum of the peak at 8.37 min, obtained from GC-MS analysis of the second seized powder (C).
Regarding LC-HRAM-Orbitrap-MS analysis of the two seized powders, Figures 2, 3 show the extracted ion chromatograms at m/z 178.1226 (MMC MH+ ions) and 274.2165 (MeO-PCP MH+ ions) of the full scan ion traces without fragmentation, the corresponding MMC and MeO-PCP full scan mass spectra and related MH+ collision-induced product ion spectra obtained in AIF conditions (HCD on, 25 eV), as well as the experimental and calculated isotopic patterns of MMC and MeO-PCP MH+ ions, obtained from the LC-HRAM-Orbitrap-MS analysis of the first and the second seized powder, respectively. Accurate mass measurements of the two MH+ ions had a mass accuracy [Δm = (accurate mass − exact mass)/exact mass × 106] of +0.56 and −0.36 ppm for MMC and MeO-PCP, respectively. Fully superimposable experimental and calculated MH+ isotopic patterns were obtained for the two substances, with relative isotopic abundance (RIA, M+1/M+0 ion abundances) error values (expressed as experimental RIA–calculated RIA)/calculated RIA×100) of −4.11 and −2.18% for MMC and MeO-PCP, respectively. Hence, LC-HRAM-Orbitrap-MS measurements allowed us to assign the elemental formulae C11H15NO (MMC) and C18H27NO (MeO-PCP) for the two MH+ ions. However, MH+ collision-induced product ions spectra, although in agreement with those already described (Bakota et al., 2016; Frison et al., 2016a; Michely et al., 2017; Zidkova et al., 2017), were once again not conclusive in discriminating between the positional isomers [(3-MMC vs. 4-MMC and 2-MMC) and (3-MeO-PCP vs. 4-MeO-PCP)] without using reference standards, as even in these analytical conditions fragment ions sporting the same mass and similar abundances may be obtained from MH+ ions of individual MMC (Maas et al., 2017; Zuba and Adamowicz, 2017) and MeO-PCP (Bakota et al., 2016; Bertol et al., 2017; Zidkova et al., 2017) analogs.
[image: Figure 2]FIGURE 2 | Extracted ion chromatogram at m/z 178.1226 (MMC MH+ ions) of the full scan ion trace without fragmentation (A), corresponding MMC full scan mass spectrum and MH+ collision-induced product ion spectrum (collision energy 25 eV) (B), and experimental (C) and calculated (D) isotopic patterns of MMC MH+ ions, all obtained from LC-HRAM-Orbitrap-MS analysis of the first seized powder.
[image: Figure 3]FIGURE 3 | Extracted ion chromatogram at m/z 274.2165 (MeO-PCP MH+ ions) of the full scan ion trace without fragmentation (A), corresponding MeO-PCP full scan mass spectrum and MH+ collision-induced product ion spectrum (collision energy 25 eV) (B), and experimental (C) and calculated (D) isotopic patterns of MeO-PCP MH+ ions, all obtained from LC-HRAM-Orbitrap-MS analysis of the second seized powder.
Conversely, sd-GC-FTIR allowed us to identify MMC and MeO-PCP positional isomers unambiguously, confirming the presence of 3-MMC in the first seized powder and 3-MeO-PCP in the second seized powder. Confident discrimination of the positional isomers was possible based on the high quality match factor (QMF) of the experimental FTIR spectra against the target FTIR spectra upon searching in a dedicated solid-phase GC-FTIR library. The sharp absorption bands in FTIR spectra obtained from solid deposited analytes allow us to easily differentiate between very similar compounds, as shown in Figure 4 for 3-MMC, 4-MMC, and 2-MMC. For identification purposes, the experimental GC-FTIR spectrum obtained for the cathinone compound contained in the first seized powder was searched into a solid-phase GC-FTIR library containing IR spectral data of NPS (supplied by the vendor). A QMF criterion was adopted, based on quantitative evaluation of IR spectral data, as an unbiased criterion to achieve unambiguous compound identification. Thus, 3-MMC could be identified in the sample, ranking as Hit #1 in the library search result, with a QMF of 91.6%. Noticeably, much lower QMF values were obtained for the two incorrect matches, viz. 14.2% for the 4-substituted cathinone (4-MMC) and 11.0% for the 2-substituted isomer (2-MMC). It is also worth underlining that 4-MMC did not rank in the second hit position, as one could expect, but showed up as Hit #21, after a long list of candidates, and isomer 2-MMC was Hit #33.
[image: Figure 4]FIGURE 4 | The experimental GC-FTIR spectrum of 3-MMC, compared to the library GC-FTIR spectra of 3-MMC, 2-MMC, and 4-MMC isomers. Based on the library search results for 3-MMC FTIR spectral data, the following QMF values were obtained against correct and incorrect matches: Hit #1, 91.6%; Hit #21, 14.2%; Hit #33, 11.0%.
In a similar way, the great specificity of molecule/bond-related information contained in the GC-FTIR spectrum allowed for a definite identification of the illicit drug constituent of the second seized powder, i.e., 3-MeO-PCP. Again, a high QMF differential was obtained between the correct and the (closest) incorrect match, i.e., the 3-methoxy-substituted phencyclidine and the 4-substituted isomer, thanks to distinctive spectral features especially in the fingerprint region to the right hand side of Figure 5 (below 1,500 cm−1). In detail, 3-MeO-PCP was found as Hit #1, with a QMF of 96.1%, while 4-MeO-PCP showed up as Hit #8, and with only 14.6% of a QMF. The significant gap in library search results would in turn reduce the likelihood for false positives and increase confidence in the identification. In more detail, the compounds that match in the library search between the 1st and 21st hit for MMC were as follows: 3-Methylmethcathinone (Hit 1), 3-Methylethcathinone (Hit 2), 3-Ethylmethcathinone (Hit 3), Pentedrone (Hit 4), N-Methylbenzedrone (Hit 5), 4-Chloropentedrone (Hit 6), Ethcathinone (Hit 7), N-Ethylbuphedrone (Hit 8), 4-Methylcathinone (Hit 9), Cathinone (Hit 10), 3′,4′-Tetramethylene-alpha-pyrrolidinovalerophenone (Hit 11), 4-Bromomethcathinone (Hit 12), α-Isopropylamino-valerophenone (Hit 13), 4-Ethylmethcathinone (Hit 14), 3-Fluoromethcathinone (Hit 15), N-Ethylhexedrone (Hit 16), 4-Methyldiethcathinone (Hit 17), 3′,4′-Tetramethylene-α-pyrrolidinobutiophenone (Hit 18), 4-Fluorobuphedrone (Hit 19), 4- Chloroethcathinone (Hit 20), and 4-Methylmethcathinone (Hit 21). The compounds that match in the library search between the first and eighth hit for MeO-PCP were as follows: 3-Methoxyphencyclidine (Hit 1), 3-Methoxyeticyclidine (Hit 2), Cannabicyclohexanol (Hit 3), Diphenidine (Hit 4), 4-[1-(3-Methoxyphenyl)cyclohexyl]morpholine (Hit 5), 5b-Androstane-3a,17b-diol (Hit 6), 4′-Methyl-2-piperidinopropiophenone (Hit 7), and 4-Methoxyphencyclidine (Hit 8).
[image: Figure 5]FIGURE 5 | The experimental GC-FTIR spectrum of 3-MeO-PCP, compared to the library GC-FTIR spectrum of 3-MeO-PCP and 4-MeO-PCP isomers. Based on the library search results for 3-MMC FTIR spectral data, the following QMF values were obtained against correct and incorrect match: Hit #1, 96.1%; Hit #8, 14.6%.
Analysis of Biological Fluids
All immunoassay toxicological screening for common drugs of abuse (not including PCP) performed in urine and serum samples were negative, which is the same as what occurred in other cases (Berar et al., 2019). If the immunoassay screening had included the PCP test (not a routine test in most European toxicology laboratories), a positive result would probably have been obtained considering the cross-reactivity of MeO-PCP analogs in several PCP immunoassay systems (Bäckberg et al., 2015a; Bakota et al., 2016; Chang and Smith, 2017; Mitchell-Mata et al., 2017; Gomila et al., 2019; Larabi et al., 2019b). Enzymatic ethanol tests were also negative in both cases.
Whole blood and urine samples collected from subject A, as well as whole blood, plasma, and urine samples collected from subject B on two consecutive days, were subjected to LC-HRAM-Orbitrap-MS analysis following a simple and rapid deproteinization step. 3-MeO-PCP was detected in all biosamples of both subjects, while no 3-MMC nor its metabolites dihydro-3-MMC (3-methylephedrine), nor-dihydro-3-MMC (3-methylnorephedrine), nor-3-MMC, hydroxytolyl-3-MMC, nor-hydroxytolyl-3-MMC, carboxy-3-MMC, carboxy-dihydro-3-MMC (Pedersen et al., 2013; Frison et al., 2016a) were detected in the samples from both subjects. This suggests that, of the two powders seized by police, only the one containing 3-MeO-PCP had been taken. No other NPS, traditional illicit drugs, or medications (other than those administered at the hospitals) were detected in both cases.
In addition, the comprehensive, untargeted, and sensitive analytical approach, consisting of generic sample preparation (a simple deproteinization step) and full scan MS detection in the high-resolution mode, allowed us to detect more than 20 phase I and 10 phase II 3-MeO-PCP metabolites in all biological specimens. Identification of metabolites was based on the following: 1) evaluation of their chromatographic behavior compared to the parent compound; 2) accurate mass measurements of their MH+ ions in full scan conditions; 3) evaluation of their MH+ isotopic patterns, including mass accuracy of MH+ (M+0, M+1, M+2, M+3) isotopic peaks; 4) accurate mass measurements of MH+ collision-induced productions (at three collision energies, 10, 25, 50 eV); and, above all, 5) comparison with analytical results obtained with similar LC-HRAM-Orbitrap-MS instruments, reported in recently published papers dealing with 3-MeO-PCP metabolic studies on rat urine and human liver preparations (Michely et al., 2017), and a molecular networking approach application in a case of 3-MeO-PCP intoxication (Allard et al., 2019). In these studies, numerous phase I metabolites (related to 3-MeO-PCP multiple aliphatic hydroxylations at the cyclohexyl ring and the heterocyclic ring, single aromatic hydroxylation, carboxylation after ring opening, O-demethylation) and corresponding phase II glucuronide metabolites have been identified.
All equivalent analytical data from the present study are listed in detail in Table 1, as they may become supposedly helpful to other toxicologists in case of further 3-MeO-PCP intoxication cases. All phase I and phase II metabolites, being more hydrophilic and polar, elute at shorter retention times than the parent compound under the reported LC conditions, as previously described (Michely et al., 2017; Zidkova et al., 2017; Allard et al., 2019; Ameline et al., 2019c). Experimental isotopic patterns of each metabolite were in total agreement with the theoretical ones [MH+ (M+0) Δm values range from 0 to 1.37 ppm; (M+1) values from 0 to 1.19 ppm; (M+2) values from 0 to 2.76 ppm; (M+3) values from −0.82 to 4.20 ppm], and MH+ fragment ions, identified in variable numbers for each metabolite, mirrored those described in the above papers. Some values, mainly related to fragment ions, are missing due to the very low abundance of the specific metabolites. Typical full scan mass spectra, MH+ collision-induced product ion spectra obtained applying the three different (10, 25, 50 eV) collision energies, as well as experimental and calculated isotopic patterns, related to one phase I [piperidine-di-OH- (M1h)] and one phase II [O-demethyl-glucuronide- (M2a)] urinary metabolites, are shown in Figures 6 and 7. Similar results are shown in the Supplementary Figures S1 and S2 for the O-demethyl- (M1a), O-demethyl-piperidine-OH- (M1b), and O-demethyl-piperidine-di-OH- (M1g) phase I metabolites as well as the O-demethyl-piperidine-OH-glucuronide- (M2c) phase II metabolite.
TABLE 1 | Chromatographic and mass spectrometric data of 3-MeO-PCP and its phase I and phase II metabolites identified in the biological specimens under study.
[image: Table 1][image: Figure 6]FIGURE 6 | 3-MeO-PCP piperidine-di-OH-metabolite (M1h) LC-HRAM-Orbitrap-MS full scan mass spectrum and MH+ collision-induced product ion spectra (collision energies 10, 25, and 50 eV) (A), experimental and calculated isotopic patterns of M1h MH+ ions (B), all obtained from LC-HRAM-Orbitrap-MS analysis of urine samples.
[image: Figure 7]FIGURE 7 | 3-MeO-PCP O-demethyl-glucuronide-metabolite (M2a) LC-HRAM-Orbitrap-MS full scan mass spectrum and MH+ collision-induced product ion spectra (collision energies 10, 25, 50 eV) (A), and experimental and calculated isotopic patterns of M2a MH+ ions (B), all obtained from LC-HRAM-Orbitrap-MS analysis of urine samples.
Although a great number of metabolites have been identified and listed in Table 1, a selection of compounds can be chosen to represent the main targets for an LC-(HR)MS screening of biofluids in case of suspected 3-MeO-PCP intoxication. Therefore, a specific instrumental layout covering the seven most abundant analytes for urine (and whole blood, barring the M1g metabolite) samples was arranged. Urinary metabolites other than the seven chosen all had minor abundances. Figures 8 and 9 show the application of this layout, displaying the corresponding ion chromatograms of 3-MeO-PCP, the chosen phase I (M1a, M1b, M1g, and M1h) and phase II (M2a and M2c) metabolites, and the IS MDPA, obtained from whole blood and urine extracts, respectively, which were collected at the same time from the same subject (subject A in this case). Judging by the absolute and percent area values of compound peaks shown in the Figures, the relative abundances of both whole blood and urine 3-MeO-PCP and metabolite M1h (piperidine-di-OH-) were consistent with corresponding results reported by Allard et al. (2019). Roughly the same, as far as urine is concerned, for the abundance ratio of M1a (O-demethyl-) to M1h (piperidine-di-OH-) metabolites, as well as abundance ratio of M2a (O-demethyl-glucuronide) to M2c (O-demethyl-piperidine-OH-glucuronide) metabolites. Moreover, differently from what is reported by Ameline et al. (2019c), elevated urinary metabolite-to-parent drug ratios were found here for some metabolites (M1g, M1h, and M2a), and this may be considered advantageous to increase the detection windows in intoxication cases. However, this was not the case with subject B, whose day 1 urine showed a higher abundance of parent compound compared to most metabolites. Hence, in these two cases, among other variables, different drug intake times may be hypothesized for the two subjects since, as widely known and already pointed out (Ameline et al., 2019c), metabolite ratios change during the parent drug excretion curve. Also, it should be considered that results from autopsy samples (Ameline et al., 2019c) may not be comparable with results from non-fatal cases, as those described here. As expected, analyte concentrations of biosamples collected from subject B were higher on hospital admission than on day 2 (data not shown). Whole blood 3-MeO-PCP quantitative analysis was not carried out due to 3-MeO-PCP reference standard unavailability at the time of case processing.
[image: Figure 8]FIGURE 8 | LC-HRAM-Orbitrap-MS ion chromatograms of 3-MeO-PCP, main phase I (M1a, M1b, M1g, and M1h) and phase II (M2a and M2c) metabolites, and the IS MDPA, obtained from whole blood collected at the same time of urine from the same subject.
[image: Figure 9]FIGURE 9 | LC-HRAM-Orbitrap-MS ion chromatograms of 3-MeO-PCP, main phase I (M1a, M1b, M1g, and M1h) and phase II (M2a and M2c) metabolites, and the IS MDPA, obtained from urine collected at the same time of whole blood from the same subject.
As further identification means, sd-GC-FTIR was applied for the analysis of SPE-extracted urine samples from both subjects. The presence of 3-MeO-PCP was revealed in both cases, thus proving, in conjunction with LC-HRAM-Orbitrap-MS, the intake of such specific methoxy-PCP isomer by both subjects. A first GC-FTIR analysis of urine samples from both subjects did not yield satisfactory results, given the presence of a high number of different metabolites of the parent drug, all showing up as peaks of much higher abundance with respect to the compound under investigation (data shown in Supplementary Figure S3). In accordance with the results from LC-HRAM-Orbitrap-MS, the GC-FTIR peak corresponding to 3-MeO-PCP in a urine sample from patient B revealed much higher intensity than the corresponding one in subject A urine sample, with absorption intensities in the mid-IR region of 0.01 and 0.0032, respectively (data shown in Supplementary Figure S3). In both cases, the amount of analyte being deposited on the IR-transparent disc after GC separation was not sufficient to provide a full informative FTIR spectrum for identification purposes. This was reflected in the low QMF value obtained from searching the experimental spectra in a home-made solid-phase GC-FTIR library, which was equal to 13 for identification of 3-MeO-PCP in a urine sample from subject A. In order to enhance analyte detectability and further obtain confident identification of the target compound, concentrated deposits were obtained through multiple sample deposition. As expected, multiple deposits of the GC-eluted analyte from consecutive runs overlaid on the disc, afforded an increase in the signal-to-noise ratio, as shown in Figure 10. The similarity score, in terms of QMF, has increased to 80 after five consecutive depositions of the analyte, and progressively reached a value >90 after the ninth deposition was accomplished (data shown in Supplementary Figure S4). This is related to a key validation parameter in spectroscopic measurements, defined as the limit of identification (LOI), and representing the lowest analyte concentration that yields a library searchable IR spectrum. Beyond the more common concept of Limit of Detection (LOD), LOI ultimately defines quantitatively the possibility for reliable identification of an unknown compound, contained at a certain amount in a given sample, and often in the presence of a noisy background (Salerno et al., 2020). As the result, 3-MeO-PCP was identified in the urine sample from subject A, with a QMF of 90.4 (Hit #1, correct match) vs. a QMF of 18 for the 4-MeO-PCP isomer (Hit #7, incorrect match).
[image: Figure 10]FIGURE 10 | Solid-phase GC-FTIR spectrum of 3-methoxyphencyclidine (3-MeO-PCP) in SPE-extracted human urine sample at 4 cm−1 resolution. Top to bottom: increase in the signal-to-noise ratio resulting from multiple deposits of the GC-eluted analyte from consecutive runs overlaid on the disc. Column: Supelco SLB-5ms (30 m × 0.25 mm, 0.25 μm film thickness).
Due to the higher concentration of the target 3-Meo-PCP analyte, only two consecutive depositions were sufficient in the case of a urine sample from subject B, for a QMF increase from 70 (first GC-FTIR analysis) to >90 (second deposition). As for the previous case, a high QMF differential was obtained here too, between the correct (3-MeO-PCP) and the incorrect (4-MEO-PCP) match, viz. 92.9 vs. 12.2.
CONCLUSION
The results described in this paper highlight the effectiveness of LC-HRAM-Orbitrap-MS and sd-GC-FTIR in attaining the full structural characterization of 3-MMC and 3-MeO-PCP in seized products, the identification of 3-MeO-PCP and numerous phase I and phase II metabolites in blood, plasma, and urine samples of both cases, and the discrimination between the MMC and MeO-PCP positional isomers [(3-MMC vs. 4-MMC and 2-MMC) and (3-MeO-PCP vs. 4-MeO-PCP)] in both non-biological and biological specimens.
Advanced MS techniques, such as LC-HRAM-Orbitrap-MS, represent valuable analytical tools in forensic toxicology, allowing for highly specific and sensitive untargeted or targeted drug detection in both seized materials and biological fluids. An outstanding analytical specificity is currently attainable; it is allowable through the accurate mass measurement of ionic species, the comparison of experimental and calculated isotopic patterns, and the study of collision-induced product ions obtained in high-resolution conditions. Furthermore, the application of HRMS measurements in full scan conditions avoids the drawbacks of the pre-selection of ions, as in Selected Ion Monitoring (SIM) or Multiple Reaction Monitoring (MRM) acquisition modes. Also, full-scan data may be always retrospectively processed, without resorting to new sample preparation and analytical runs.
Solid-phase GC-FTIR has proven to be an effective tool to widespread MS-based approaches, for achieving unequivocal identification of NPS, even in the case of regioisomers, having identical nominal masses, and yielding the same fragments upon dissociation. Noticeably, confident discrimination between 3-MeO-PCP and related isomers could be achieved from much lower analyte amounts (1 μg powder containing the molecule) compared to NMR approaches, which typically require mg-level quantities (Ameline et al., 2019b). Apart from the seized sample analysis, the application of sd-GC-FTIR to human urine samples demonstrated the usefulness of the technique for the investigation of biosamples of clinical and forensic toxicological concern. Thus, even in the absence of the powder, sd-GC-FTIR analysis of biological samples would have been sufficient to clarify the existence of a specific MeO-PCP positional isomer. Compared to the application of single GC, LC, and MS techniques for the discrimination of MMC and MeO-PCP analogs in non-biological drug samples, which can be problematic due to their quite similar chromatographic and, especially, mass spectrometric, behaviors (Berar et al., 2019), the application of sd-GC-FTIR affords unambiguous identification of positional isomers.
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Illicit drug abuse is a worldwide social and health problem, and monitoring illicit drug use is of paramount importance in the context of public policies. It is already known that relevant epidemiologic information can be obtained from the analysis of urban residual waters. This approach, named wastewater-based epidemiology (WBE), is based on the measurement of specific markers, resulting from human biotransformation of the target drugs, as indicators of the consumption of the compounds by the population served by the wastewater treatment installation under investigation. Drug consumption estimation based on WBE requires sewage sampling strategies that express the concentrations along the whole time period of time. To this end, the most common approach is the use of automatic composite samplers. However, this active sampling procedure is costly, especially for long-term studies and in limited-resources settings. An alternative, cost-effective, sampling strategy is the use of passive samplers, like the polar organic chemical integrative sampler (POCIS). POCIS sampling has already been applied to the estimation of exposure to pharmaceuticals, pesticides, and some drugs of abuse, and some studies evaluated the comparative performances of POCIS and automatic composite samplers. In this context, this manuscript aims to review the most important biomarkers of drugs of abuse consumption in wastewater, the fundamentals of POCIS sampling in WBE, the previous application of POCIS for WBE of drugs of abuse, and to discuss the advantages and disadvantages of POCIS sampling, in comparison with other strategies used in WBE. POCIS sampling is an effective strategy to obtain a representative overview of biomarker concentrations in sewage over time, with a small number of analyzed samples, increased detection limits, with lower costs than active sampling. Just a few studies applied POCIS sampling for WBE of drugs of abuse, but the available data support the use of POCIS as a valuable tool for the long-term monitoring of the consumption of certain drugs within a defined population, particularly in limited-resources settings.
Keywords: wastewater-based epidemiology, passive sampling, polar organic chemical integrative sampler, drug consumption, residual water
INTRODUCTION
Abuse of licit and illicit drugs is an issue of global concern, with significant adverse impacts on human health and social welfare. Of particular concern is the abuse of illicit drugs, which are substances with prohibited or controlled nonmedical use, according to national laws (EMCDDA, 2019; UNODC, 2019). The nonmedical consumption of these controlled drugs (like cocaine, amphetamines, and Cannabis, among others) is usually associated with criminal activities, with severe social impacts (EMCDDA and Europol, 2019).
According to the World Drug Report, from the United Nations Office on Drugs and Crime (UNODC, 2019), 271 million people (5.5% of the World population between 15 and 64 years old) used illicit drugs at least once in 2017. Moreover, the same report estimates 35 million people suffering from illnesses due to drug consumption, with only one in each seven affected individuals receiving adequate treatment.
In this context, knowledge of the consumption behavior of these compounds is of utmost importance to develop damage reduction strategies and also to guide law enforcement strategic actions (Gao et al., 2018). Classical strategies to evaluate drug consumption behavior at the population level are based on epidemiological, sociological, and criminological indicators (EMCDDA, 2016). These strategies have several limitations, being intrinsically imprecise and inaccurate (Hernández et al., 2018). A novel and potentially sensitive way to detect emerging tendencies on drug abuse at a given population is the analysis of biomarkers of drug use in residual waters of a defined region, served by a wastewater treatment plant (WWTP) (van Wel et al., 2016). This evaluation approach is named wastewater-based epidemiology (WBE), which is defined as an analytical strategy to estimate drug consumption in a given population based on back-calculations, from concentrations of biomarkers measured in residual water (Devault et al., 2017b).
WBE is based on the principle that consumed drugs are excreted, either unaltered or as a mixture of metabolites, in urban wastewater networks and that the concentration of these chemical markers can be used to estimate the amount of drug consumed by the population served by the WWTP (van Wel et al., 2016; Hernández et al., 2018). WBE has the benefit of being able to detect changes in drug consumption patterns in a very sensitive and almost immediate way, being considered complementary to classical epidemiological tools (Gracia-Lor et al., 2017a).
A challenge to overcome in WBE is to obtain representative samples from residual waters. Single point sample collections (e.g., grab sampling) provide limited information due to the lack of temporal representativeness. A frequently used strategy is the use of automatic samplers, which allows the obtaining of composite samples, representative of a fixed period of time. Despite its value, automatic composite samplers are high-cost equipment and its use requires adequate facilities, including a power supply and environmental protection, which can be a limitation in resource-limited settings (Allan et al., 2006). Differently from the active sampling options, previously mentioned, passive samplers such as the polar organic chemical integrative sampler (POCIS) are a more affordable and flexible option to obtain representative samples for WBE (Alvarez et al., 2007).
This manuscript aims to review the most important biomarkers of drug consumption in wastewater, the fundamentals of POCIS sampling in WBE, the previous application of POCIS for WBE of drugs of abuse, and to discuss the advantages and disadvantages of POCIS sampling, in comparison with other strategies in WBE. To this end, the PubMed database was searched considering articles published between the years 2000 and 2020, using the following keywords, both isolated or in combination: wastewater-based epidemiology, illicit drugs, passive sampling, and POCIS. The following filters were applied: full text, journal article, review, systematic review, English, and from 2000 to 2020. The combination of the keywords wastewater-based epidemiology and illicit drugs resulted in 116 hits, whereas POCIS and illicit drugs resulted in ten hits and POCIS and wastewater-based epidemiology resulted in only one hit. After checking for duplication of data, 99 published manuscripts were reviewed, with the addition of five online documents from national and international recognized agencies.
WASTEWATER-BASED EPIDEMIOLOGY
Illicit drugs and its metabolites are emerging pollutants, and these compounds are frequently detected in environmentally relevant specimens, such as surface and residual waters (Boleda et al., 2009). As feces and urine contain amounts of ingested products, such as food, pharmaceuticals, and abused drugs, along with their metabolites, residual waters are an important source of information about the health conditions of a given population (Gracia-Lor et al., 2017a). It is also important to note that drugs can be found in residual waters as a result of accidental or intentional discharge from consumers of clandestine laboratories, making particularly relevant the use of metabolites as markers of human consumption (Pal et al., 2013). The evaluation of the presence of drugs and metabolites in environmental waters became feasible with the development of highly sensitive analytical methods (Gogoi et al., 2018). In this context, the use of biomarker concentrations in residual waters to estimate human consumption of drugs is named WBE (Causanilles et al., 2017).
The first report of the use of WBE for the estimation of illicit drug consumption dates from almost 20 years (Daughton, 2001). WBE requires knowledge of the size of the population served by the WWTP, the flow rate of the influent in the WWTP, and the metabolic rate of the parent drug with respect to the measured metabolite, along with the measured concentrations (Daughton, 2001). Recently, the European Drug Report included the use of WBE as a recommended method for monitoring illicit drug use at the population level, mainly due to the possibility of fast result reporting, almost in real-time, which allows immediate actions from the public authorities (EMCDDA, 2019).
Classical strategies to evaluate drug consumption at the population level are based on information gathered from questionnaires, drug seizing statistics, and criminal and medical records (EMCDDA, 2016). These classical approaches are dependent on the self-report of the participants of the survey. However, the reliability of the self-report is affected by moral and social restrains, which can significantly impact the quality of the data (van Wel et al., 2016). Additionally, population surveys are expensive and complex to perform (Hernández et al., 2018). The benefits of WBE resulted in the publication of studies in many countries of the world (Archer et al., 2018; Bannwarth et al., 2019; Banta-Green et al., 2016; Bartelt-Hunt et al., 2009; Baz-Lomba et al., 2016; Benaglia et al., 2020; Boleda et al., 2009; Burgard et al., 2019; Foppe et al., 2018; Kankaanpää et al., 2016; Mackulˇak et al., 2014; Maldaner et al., 2012; Metcalfe et al., 2010; van Nuijs et al., 2009b; Zhang et al., 2019; Zuccato et al., 2008). In fact, since 2011, the Europe-wide network (Sewage analysis CORe Group Europe (SCORE)) performs the systematic monitoring of consumption biomarkers of four priority drugs (cocaine, methylenedioxymethamphetamine (MDMA), amphetamine, and methamphetamine) in WWTPs, covering 68 cities from 23 European countries in 2019 (EMCDDA, 2020).
However, WBE cannot provide information on the most common administration route, profile of the consumers, or purity and quality of the used drugs. Other challenges on the application of WBE include the uncertainties on the representativeness of the sampling procedure, lack of knowledge about the stability and chemical behavior of the measured biomarkers on the residual waters, variable analytical reliability of the measurements, availability of strategies to estimate the population size served by the WWTP, and the uncertainties on the calculation procedure to retrospective estimate drug consumption by the population (Thomas et al., 2012; Castiglioni et al., 2013).
The estimation of the daily drug consumption per inhabitant (C, mg day−1 1,000 inh−1) using WBE is based on a retrospective calculation, as presented in Eq. 1. First, the raw daily drug consumption of the drug at the population served by the WWTP is estimated by multiplying the concentration of the biomarker (c, ng L−1) in a representative sample by the daily influent flow at the WWTP (Qv, L day−1) and by a correction factor (f), which accounts for the average excretion rate of the biomarker and for the ratio between the molecular weight of the parent drug and its metabolite (van Nuijs et al., 2011; Zuccato et al., 2008). Afterward, the daily drug consumption per inhabitant (inh) is obtained dividing by the number of individuals served by the WWTP. The value is multiplied by 1,000 to normalize for 1,000 inhabitants. Table 1 presents an overview of f values described in previous studies. Important to note is that these calculations require that the measured biomarker is specific and unique for a certain drug (Zuccato et al., 2008).
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Besides the correction applied in Eq. 1, the measured concentrations can also be multiplied by a correction factor that takes the biomarker stability on residual waters into account. van Nuijs et al., 2011 considered that ecgonine methyl ester (EME), amphetamine, and 6-monoacetyl morphine (6-MAM) had a degradation percentage of 20, 30, and 30%, respectively, during their residence time in the wastewater. Then, the authors used a stability correction factor of 1.25, 1.43, and 1.43 for EME, amphetamine, and 6-MAM, respectively. Compounds presenting minimal degradation, like benzoylecgonine (BZE), methamphetamine, MDMA, and 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP), did not require the use of a stability correction factor (van Nuijs et al., 2011).
TABLE 1 | Target compounds, biomarkers, excretion rates, and correction factors used in retrospective consumption calculations on the context of WBE.
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The measured biomarkers in WBE are preferentially specific metabolites of the drug of interest with elimination mainly by the renal route, with wastewater concentrations in the range of ng L−1 or higher (Gracia-Lor et al., 2017a; Vazquez-Roig et al., 2013). In addition to these characteristics, the biomarkers must have acceptable stability in wastewater since their entrance into the sewage system until sampling for analysis, storage, and processing (McCall et al., 2016). The removal of the biomarkers from wastewater can be attributed to chemical modifications on the water environment, as well as to microbiological biotransformation (Mardal and Meyer, 2014) and adsorption to particulate matter present in the sewage system and in the WWTP (Daughton, 2012; McCall et al., 2016). In fact, the knowledge of the stability of a certain biomarker at their environmental exposure conditions is mandatory before the use of concentration data in WBE, with a significant impact on the overall uncertainty of drug consumption estimation (Castiglioni et al., 2013). Laboratory simulation studies are often used to evaluate the stability of the biomarkers at different pH and temperature conditions, which also can modify microbiological activity, trying to simulate the actual conditions (Devault et al., 2017a). Adsorption to particulate matter present at the sewage and WWTP can be simulated using fortified residual waters and also evaluated at a realistic range of pH values and temperatures (Devault et al., 2017a).
COCAINE
COC is the main psychoactive alkaloid present in Erythroxylum coca leaves. After intake, COC is hydrolyzed in the liver mainly to BZE and EME, which are excreted in urine at an average of 45 and 40% of the administered dose, respectively (Baselt, 2000). Cocaethylene (CE) is also formed by biotransformation when COC is used in combination with ethanol. Norcocaine (NCOC) is a minor oxidative metabolite. COC is used mainly as its chloridrate, by intravenous and intranasal routes, or as the free base (crack cocaine), by the respiratory route. When the free base is smoked, pyrolytic metabolites are formed, such as anidroecgonidine and anidroecgonidine methyl ester (Feitosa et al., 2013). The biomarker of COC most frequently used in WBE studies is BZE. Differently from COC, BZE is highly stable in residual waters. However, it is important to note that BZE can also be formed from COC degradation at residual waters, which can result in an overestimation of COC consumption if this conversion is not taken into account (Plósz et al., 2013). The literature reported COC excretion rates in the range of 1–9% for the parent drug and about 45% for BZE (Baselt, 2000). Considering these average excretion rates, COC to BZE concentration ratios in residual waters in the range of 0.02–0.2 are an indication of drug consumption in the population served by the WWTP, whereas higher ratios can be suggestive of other COC sources, like leakages from clandestine laboratories (Castiglioni et al., 2011). However, as the COC to BZE ratio can also be affected by the temperature, complementary studies are needed to establish a cut-off ratio for the classification of the source of COC in the sewage system (van Nuijs et al., 2009b). In fact, the possible presence of COC in residual waters from nonhuman sources limits its use of a marker of drug consumption (van Nuijs et al., 2011).
Both BZE and EME concentrations in residual waters can be used for the estimation of COC consumption, usually resulting in similar results. However, the use of BZE is preferred due to its higher stability in water (van Nuijs et al., 2011). The most frequently reported correction factor for the estimation of COC consumption using BZE concentrations in residual waters is 2.33, which considers that BZE mounts to 45% of excreted COC (Daglioglu et al., 2019). This correction factor does not consider the simultaneous consumption of COC with other substances, particularly ethanol. The fraction of COC excreted as BZE and EME is significantly reduced when the drug is used along with ethanol due to the formation of CE (Harris et al., 2003). As the simultaneous use of COC and ethanol is common, van Nuijs et al., 2011 employed a correction factor of 3.0 for BZE concentrations, estimating that 35% of COC is excreted as BZE in this condition. If EME concentrations in residual waters are used for the estimation of COC consumption, a correction factor of 10.2 was proposed, which considers that 15% of the COC dose is excreted as EME (van Nuijs et al., 2011).
Castiglioni et al. (2006) evaluated the stability of illicit drugs and metabolites in residual water by analyzing laboratory prepared solutions in amber vials stored at 4ºC for three days. In these conditions, the concentrations of COC, CE, and NCOC were reduced on 36, 15, and 13%, respectively. These concentration reductions were in parallel with the increase in the concentrations of the metabolites BZE and norbenzoylecgonine (NBZE).
OPIATES
The opiate group of drugs includes not only prescription pharmaceuticals, like fentanyl, oxycodone, morphine, codeine, and tramadol, but also illicit compounds like heroin. The majority of the opiate drugs and metabolites are rapidly decomposed at residual waters. Additionally, several opiates are decomposed or metabolized to morphine, which presents some level of stability on the sewage. Therefore, by measuring morphine levels only, it is not possible to estimate the drug consumption (Werschler and Andrew, 2019).
Morphine is excreted in the urine mainly as morphine-3-βD-glucuronide. As this compound is usually found at a very low concentration in residual water, deconjugation is likely to happen due to the enzymatic activity of bacteria present on sewage (Castiglioni et al., 2006). The contribution of codeine consumption to the morphine levels found on residual water is considered to be insignificant, once morphine is a minor metabolite of codeine (Baselt, 2000). The estimation of heroin consumption by WBE using morphine as a biomarker must consider the potential contribution of therapeutic drugs to the measured concentrations (Zuccato et al., 2008). Alternatively, 6-MAM can be used as the biomarker of heroin consumption in residual water due to the higher specificity. However, the high value of the correction factor can lead to significant uncertainties (van Nuijs et al., 2011).
CANNABIS
The main psychoactive compound from the marijuana plant, Cannabis sativa, is tetrahydrocannabinol (THC). THC is metabolized by hydroxylation, forming the main active metabolite 11-hydroxy-tetrahydrocannabinol (11-OH-THC) and the minor metabolite 8-beta-hydroxy-tetrahydrocannabinol (8-β-OH-THC). The further oxidation of 11-OH-THC produces the main inactive metabolite 11-nor-9-carboxy- tetrahydrocannabinol (THC-COOH) (Baselt, 2000). As the conversion of 11-OH-THC to THC-COOH is very fast, the latter is the most commonly used biomarker for the retrospective calculation of THC exposure in WBE. THC-COOH is excreted in urine and feces as a glucuronide conjugate, being hydrolyzed by β-glucuronidases present on fecal bacteria present in untreated residual water (Castiglioni et al., 2006). However, only a small amount of THC is excreted in the form of THC-COOH, requiring sensitive analytical methods for its detection. THC-COOH is a specific metabolite of THC, and the concentration of this biomarker is not affected by the use of other drugs in the population of the study (Werschler and Andrew, 2019).
Variable values of f were reported for the estimation of THC consumption from THC-COOH concentrations in WBE studies, as presented in Table 1. Gracia-Lor et al. (2016) and Huestis et al. (1996) established excretion rates of 0.5-0.6% considering the consumption of smoked marijuana. Alternatively, Postigo et al., 2011 used a higher excretion rate, of 2.5%, considering that all excreted 11-OH-THC was oxidized in situ to THC-COOH. Currently, the partition behavior of THC-COOH between water and particulate matter, present on the sewage system and WWTP, is not completely known, which can result in significant errors on the estimation of the mass of THC used by a given population (Causanilles et al., 2017).
AMPHETAMINE STIMULANTS
The amphetamine stimulant group includes amphetamine itself and its derivatives, like methamphetamine, and ecstasy-like compounds, like 3,4-methylenedioxyamphetamine (MDA), 3,4-methylenedioxy-N-ethylamphetamine (MDEA), and MDMA, among others. Differently of COC, amphetamine-type drugs are excreted mainly as the parent drugs. This characteristic of the consumption biomarkers in residual water can be a limitation to the identification of the presence of the raw drugs on the sewage system. However, most of the amphetamine compounds are racemic compounds, and the result of chemical synthesis has equal proportion of both enantiomers. However, the molecules formed after biotransformation will result in a particular enantiomeric proportion (Kasprzyk-Hordern and Baker, 2012; Emke et al., 2014). In this context, the characterization of the enantiomeric profile of the biomarkers can be used to differentiate between population consumption of the drug and disposal of the raw material on the sewage (Archer et al., 2018). A correction factor of 1.5 was originally proposed by Zuccato et al., 2008 for the estimation of MDMA consumption after measuring the concentration of the parent drug in residual water. This correction factor considers an excretion rate of 65% of the used dose as the parent compound. However, a more recent study showed that only 15% of the used dose is actually excreted as MDMA, and a correction factor of 6.67 should be used (Abraham et al., 2009).
A laboratory study of the stability of amphetamine, methamphetamine, MDA, MDEA, and MDMA found a maximum degradation rate of 5% (Castiglioni et al., 2006).
OTHER COMPOUNDS EVALUATED IN PREVIOUS STUDIES
Methadone, a synthetic opioid drug used as an analgesic and heroin-substitution treatment, was already studied in WBE. The used biomarker is EDDP (Du et al., 2019). Ketamine, abusively used due to its dissociative and hallucinogenic effects, was also evaluated in WBE studies, using both ketamine and the metabolite norketamine as biomarkers (Baker et al., 2014). These authors reported the use of excretion rates of 1.6% and 2.3% for ketamine and norketamine, respectively. Recently, Du et al., 2020 concluded that excreted rates estimated based on pharmacokinetic studies were not appropriate for ketamine and suggested a much higher excretion factor, of 20%, relying on data from local drug seizures. Other compounds like mephedrone, mescaline, and ephedrine were also evaluated.
BIOMARKERS OF POPULATION SIZE IN RESIDUAL WATERS
The estimation of drug consumption by a population served by a WWTP requires knowledge of the size of this population (Eq. 1). Census data can be outdated, leading to erroneous estimations. Different strategies were proposed to estimate the size of a population served by a WWTP, and the combination of estimation approaches is recommended to avoid deviations associated with a given method. Classical approaches include the designed capacity of the WWTP, census data, and hydro-chemical measurement parameters (Castiglioni et al., 2014). The design capacity of the WWTP is usually not reliable to estimate the population size once the plant can operate either above or below its projected capacity. Census data are not adjusted over time and do not take into account seasonal population changes, as a result of tourism and other population movements. Population size estimations can also be made using hydro-chemical parameters such as chemical oxygen demand (COD), biological oxygen demand (BOD), total nitrogen (N), and total phosphorus (P) (van Nuijs et al., 2011). Another valuable strategy is to measure concentrations of anthropogenic markers in residuals waters, like human endogenous compounds or metabolites of widely consumed products, caffeinated beverages, and tobacco cigarettes, among others.
The number of inhabitants served by a WWTP can be estimated using phosphorus, nitrogen, BOD, and COD levels on the residual waters, considering that a single person releases the equivalent to 1.7 g day−1 of phosphorus, 12.5 g day−1 of nitrogen, 59 g day−1 of BOD, and 128 g day−1 of COD (van Nuijs et al., 2011). This approach was applied to a WWTP located at Brussels, Belgium, and a wide range of served inhabitants was estimated along two consecutive months, between March 2009 and January 2010, with values in the range of 77.831 to1.670.562, contrasting to the WWTP capacity of 1.1 million inhabitants. It is important to note that some variation in the number of served inhabitants is expected, once it is affected by several factors, like holiday periods and the occurrence of large public events. These results demonstrate that the use of WWTP capacity as the number of inhabitants served in the sewage epidemiology does not reflect the actual number of inhabitants served and should be replaced by real-time calculations of these parameters (van Nuijs et al., 2011). However, these hydro-chemical parameters do not only reflect human metabolism but also the presence of other biodegradable substances in the sewage system, being affected by industrial leakages, agricultural activities, and disposal of food residues, among others (Daughton, 2012).
Anthropogenic markers of population size in residuals waters must fulfill some requisites: present a predictable and constant elimination in urine, high stability in residual water, and be of exclusive human origin. Several potential candidate anthropogenic biomarkers were proposed, particularly creatinine, cotinine, and coprostanol (Daughton, 2012).
Senta et al. (2015) employed nicotine metabolites as population size biomarkers and found a good agreement with census data in Como, Italy. However, a limitation of the use of these markers is the need for a constant number of smokers throughout the investigated populations. Rico et al. (2017) evaluated twelve different urinary biomarkers as indicators of population size and found a similar population size when the estimation was made using either cotinine, 5-hydroxyindoleacetic acid, and caffeine compared with the hydro-chemical parameters (Rico et al., 2017).
Other alternative approaches for the estimation of the size of a population served by a WWTP have been described. Thomas et al. (2017), in a study performed in Norway, used data from a local mobile phone provider to estimate the population present in a given service area and used this population size to estimative the drug consumption in a dynamic way, particularly during the holiday period (Thomas et al., 2017).
A variety of urinary markers, derived from pharmaceuticals and personal care products, were evaluated in residual water in Australia, along with the population census of 2011 and with the per capita consumption of selected products, provided by the Australian Government through the Pharmaceutical Benefit Scheme (O’Brien et al., 2014). The concentration of the makers atenolol, carbamazepine, codeine, furosemide, gabapentin, hydrochlorothiazide, ibuprofen, naproxen, norfloxacin, paracetamol, acesulfame, and caffeine presented high correlation (r2 > 0.8) with the population size.
Caffein itself is considered to be a potentially biased biomarker of population size, once it comes not only from drinking coffee but also from other sources like coffee grounds spilled in the sink drain. However, 1,7-dimethyluric acid is a specific human caffeine metabolite, formed from paraxanthine (Gracia-Lor et al., 2017b). Then, considering the widespread human consumption of caffeine, 1,7-dimethyluric acid could be used as a biomarker to chemically estimate the population size of a population served by a WWTP.
The size of the population (inh) served by the WWTP can be estimated using Eq. 2, using the concentration of anthropogenic biomarkers in residual water. In this equation, Cab is the concentration of the anthropogenic biomarker, Qv is the daily influent flow at the WWTP (Qv, L day−1), ER is the excretion rate of the biomarker, and DDD is the defined daily dose of the parent compound of the biomarker (mg per 1,000 inhabitants) (Rico et al., 2017). DDD data can be obtained from average selling data of the parent drug in the region served by the studied WWTP.
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An important methodological advantage of the use of anthropogenic biomarkers for the estimation of population size is that biases at influent flow measurements are neutralized at the retrospective calculation of drug consumption, using Eq. 1 (Lai et al., 2011).
SAMPLING STRATEGIES FOR THE ESTIMATION OF DRUG CONSUMPTION BIOMARKERS IN RESIDUAL WATER
Residual water collection at a WWTP in the context of drug consumption estimation must be representative of the 24 h of the day (Ort, 2014). One of the limitations of the use of WBE for drug consumption estimation is associated with the limited temporal representativeness, which must be taken into consideration during data interpretation (Baz-Lomba et al., 2016).
Many previous studies of WBE were limited to one-week sampling schemes (Ort et al., 2014b). However, stratified random sampling schemes (56 specimens per year) are recommended to estimate a representative average annual consumption of drugs (Ort et al., 2014a). Ort et al. (2014a) reported an annual average estimation error of COC consumption of 60% when only seven consecutive day samples of residual water were analyzed. This difference was attributed to the temporal variation of the drug consumption behavior by the population served by the WWTP. However, when 56 stratified random collected samples were tested, the deviation is expected to be around 10%. Increasing sampling frequency can lead to higher costs, also requiring a continuous supply of energy and availably of physical space for the sampling equipment. A higher sampling frequency will not be adequate when the patterns of drug use are rapidly changing or the concentrations are affected in the short term by external factors, as rain precipitation (Ort et al., 2014a). Automatic sampling devices are programmed to collect several sample aliquots during the 24 h of the day, keeping the aliquoted specimens in a refrigerated compartment. The representativeness of the composite samples obtained with this kind of device is dependent on the minimal sample volume that can be collected, the storage capacity of the device, and its incapacity to account for high flow events, such as abundant rain. Usually, the composite sample has a 1–20 L volume, and a subsample can be directly analyzed or submitted to an extraction procedure (Ort et al., 2010).
Passive sampling devices (PSDs) are an alternative sampling strategy used to overcome some of the limitations described above. Particularly, PSDs are useful tools for screening and long-term monitoring of the use of drugs in WBE (Baz-Lomba et al., 2017), in a more straightforward and economical way when compared with spot or composite sampling (Allan et al., 2006; Magi et al., 2018). Additionally, PSDs are less affected by short-term variations in the concentration of drug consumption biomarkers (Harman et al., 2011; Kaserzon et al., 2014). As described by Baz-Lomba et al., 2017, annual drug monitoring in wastewater can be estimated using a relatively small number of passive samplers (n = 24). Passive sampling combines both sampling and preconcentration of the compounds of interest in a single step (Magi et al., 2018). This characteristic allows the achievement of lower limits of detection than classical spot sampling or active sampling, once the in situ exposure occurs for several days (Morin et al., 2013). As an example, Fedorova et al., 2014 found several drug biomarkers in a PSD extract (BZE, ketamine, methadone, and midazolam) which were not detected in spot samples. PSD allows the estimation of time-weighted average (TWA) concentrations, in an economical and robust way, being of easy implementation at the point of collection, without the need for specific and sophisticated equipment and energy source (Alvarez et al., 2004).
POLAR ORGANIC CHEMICAL INTEGRATIVE SAMPLER
Among the available PSD, the POCIS has been used for monitoring concentration of hydrophilic compounds, such as pesticides, pharmaceutical, and personal care products (Kaserzon et al., 2014). POCIS was introduced by Alvarez et al., 2004 and consists of sorbent material sandwiched between two polyethersulphone (PES) membranes. POCIS is usually built using physically resistant materials as a structural basis, like stainless steel or aluminum. Two structural washers are used to compress two PES membranes, with the sorbent material being sandwiched between the membranes. The whole structure of the device is fixed with screws. The original study of Alvarez et al., 2004 employed washers and PES membranes of 90 mm of diameter, resulting in a membrane chemical exchange area of ≅ 41 cm2. The structure of a laboratory-made POCIS is presented in Figure 1.
[image: Figure 1]FIGURE 1 | POCIS assembly. (A) The bottom compression washer is assembled with screws. (B) PES membrane placed over the lower compression washer. (C) The amount of 200 mg of the sorbent is placed in the center of the PES membrane. (D) A second PES membrane is placed over the sorbent and the upper compression support washer is added. The screws and nuts are tightened to secure the support and prevent the loss of the solid sorbent.
Usually, the POCIS is immersed for more than one week in water and accumulates the sampled compound by passive diffusion (Morin et al., 2013). The microporous PES membrane acts as a semipermeable barrier between the sorbent and the external environment, allowing the diffusion of organic polar solutes to the sorbent while avoiding that particulate matter, colloids, and microorganisms (with diameters higher than the membrane pore, usually 0.1 µm) pass through the membrane (Alvarez et al., 2004).
The original study of Alvarez et al., 2004 evaluated different membrane composition and selected PES due to the combination of high analyte uptake rates, minimal biological incrustation, and high durability on the sewage environment. The composition of the sorbent in POCIS depends on the target compounds to be sampled, and the most commonly used are named pesticide POCIS (Pest-POCIS) and pharmaceutical POCIS (Pharm-POCIS). Pest-POCIS sorbent is a mixture of three solid-phase sorbents: Isolute ENV+, polystyrene divinylbenzene, and Ambersorb 1,500 carbon. Pest-POCIS is used for monitoring concentrations of most pesticides, hormones, and several other chemicals. The Pharm-POCIS sorbent contains only the solid-phase extraction sorbent Oasis HLB® and is used for the sampling of pharmaceutical compounds and its metabolites in water. Oasis HLB® is a copolymer of [(poly [divinylbenzene]-co-N-vinylpyrrolidone)] and provides analyte retention based on hydrophilic-lipophilic balance retention, with the capacity of retaining compounds with a wide range of polarities (Alvarez et al., 2004). Both Pest-POCIS and Pharm-POCIS are commercially available and can also be prepared in house.
POCIS sampling is usually performed over several weeks, allowing the concentration of a large volume of water and accumulates the effects of periodic events that can be missed with grab sampling (Morin et al., 2013). As a result of the long exposure time of POCIS to the residual water, a TWA concentration can be obtained (Alvarez et al., 2004). The amount of the compounds at the sorbent of the POCIS after the sampling time is related to the concentration present in the water along the sampling period and is dependent of the sampling rate (RS), which represents the volume of water cleared of the compound by the POCIS over a given time (Magi et al., 2018).
Criquet et al. (2017) compared POCIS and composite automatic sampling for the determination of 46 pesticides and 19 pharmaceuticals in an urban river, with 2-week sampling campaigns. The authors reported a good agreement between both sampling methods, with 75% of measurements presenting ratios between 0.33 and 3. Concentrations measured with POCIS were, in general, between the maximum and minimum levels measured in the composite samples. Bishop et al. (2020) compared POCIS and composite automatic sampling for the measurement of the concentrations of drugs of abuse and pharmaceuticals in the influent of a WWTP. These authors reported a subestimation of concentrations using POCIS when compared with the median concentration of the composite sampling, with only 48% of the concentrations within a three-fold difference. However, the occlusion of the POCIS membrane, reported by the authors, could have affected the performance of the sampling device. When compared with composite automatic sampling, POCIS allows similar findings with a smaller number of samples, with cleaner sample extracts and easier handling, once large volumes of water are not needed. Besides, POCIS sampling can avoid missing a peak concentration event, which can happen if composite automatic sampling is used.
To calculate TWA concentrations, RS of the analytes of interest must be established in calibration studies, which can be performed both in situ or in laboratory conditions (Harman et al., 2012; Morin et al., 2012). The lack of standardized RS and the use of proper exposure corrections due to the influence of environmental factors are the main issues related to the estimation of TWA concentrations using POCIS (Baz-Lomba et al., 2017).
Other than POCIS, alternative PSDs were described, like those based on diffusive gradients in thin films (DGT) (Guo et al., 2017) and microporous polyethylene tubes (MPTs) (McKay et al., 2020). While these reports described the measurement of drugs of abuse concentrations, no WBE estimation was made.
ACCUMULATION KINETICS IN POLAR ORGANIC CHEMICAL INTEGRATIVE SAMPLER AND DETERMINATION OF SAMPLING RATES
The accumulation of target compounds at the sorbent phase of the POCIS obeys the first-order kinetics, with an initial linear stage, followed by curvilinear and equilibrium regime (Morin et al., 2012). The accumulation of a chemical in the POCIS is described by Eq. 3, where CS (ng g−1) is the concentration of the compound on the sorbent phase, CW (ng L−1) is the average concentration of the compound at the residual water, Ku is the uptake rate of the analyte in the sorbent phase (L g−1 day−1), Ke is the elimination rate constant of the chemical from the sorbent phase, and t (days) is the exposure time (Morin et al., 2013).
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POCIS is considered as an infinite collector of contaminants and, assuming constant concentrations, the compounds are accumulated linearly within time (Alvarez et al., 2007). In this context, Ke is insignificant when comparing with Ku, allowing the simplification of Eq. 3, which relates the concentration of the compound on the sorbent phase of the POCIS to the TWA concentration on the water (CW, ng L−1) through the value of the sampling rate (RS, L day−1), as presented in Eq. 4. In this equation, MS (g) is the mass of sorbent present on the POCIS and t (days) is the exposure time (Baz-Lomba et al., 2017).
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When CS*MS (the amount of contaminant accumulated in POCIS, ng) is plotted as a function of t (day), the slope of the obtained curve is CW*RS. Thus, RS can be determined by dividing the slope by CW (Jacquet et al., 2012).
Some authors rewrote Eq. 4 and used a concentration factor (CF, L g−1) to neutralize the effect of CW variations, dividing the concentrations in the sorbent and in water (CS/CW), as presented in Eq. 5 (Morin et al., 2013; Baz-Lomba et al., 2017).
[image: image]
The time to achieve half of the equilibrium concentration (half-time, t1/2) reflects the limit between the linear and curvilinear regimen (Alvarez et al., 2007). This time can be estimated through the first-order curves adjusted to the calibration data in order to confirm adsorption linearity during the exposure time (Baz-Lomba et al., 2017). Therefore, RS values must be calculated during a time equal or smaller to t1/2 for better accuracy (Morin et al., 2013). Half-time values are calculated using Eq. 6. The value of ke is usually estimated by fitting exponential curves, using specialized statistical software.
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Morin et al. (2013) evaluated the adsorption kinetics of 56 organic micropollutants to Pharm-POCIS. Among the tested compounds, 43 have curvilinear adsorption kinetics, allowing the use of Eq. 5 to calculate RS values, if exposure time was lower than t1/2. For these compounds, CF was calculated using CS and CW values obtained at different adsorption times. Afterward, the plot of CF vs. time allowed the obtention of a straight line, whose slope was RS/MS. From this slope value, accurate RS values could be calculated, using the average weight of the POCIS sorbent exposed at the water until t1/2.
Half-time is an important parameter to estimate the ideal sampling time of the POCIS to obtain TWA concentrations of a given chemical. TWA (CW) concentrations can be calculated rearranging Eq. 4, as presented in Eq. 7, for analytes presenting t1/2 higher than the sampling time, once these compounds are linearly accumulated during in situ sampling (Morin et al., 2013).
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Equation 7 is valid to estimate CW when sampling is performed during the linear adsorption period. To this end, the duration of the linear regimen must be established for each monitored compound (Fedorova et al., 2014). The POCIS device should not be immersed in the sampled water for a time longer than t1/2. Otherwise, nonreliable estimations of TWA will be calculated (Morin et al., 2013).
POCIS is usually used in a linear regimen for the estimation of TWA concentrations with acceptable accuracy. Alternatively, POCIS can be immersed in residual water only for the screening of micropollutants, independently from the regimen, once only qualitative information is desired (Morin et al., 2012).
POLAR ORGANIC CHEMICAL INTEGRATIVE SAMPLER CALIBRATION
TWA concentrations can be calculated using RS values obtained in situ. However, this approach requires that field calibrations are performed in each sampling campaign (Jacquet et al., 2012). Moreover, in this particular case, the contaminants must be present in the aquatic environment in a relatively constant concentration. The in situ calibration allows the obtention of RS values specific of a certain collection location and takes into account the physicochemical conditions of the local environment (Harman et al., 2011).
Another alternative for the determination of RS values is the laboratory calibration of the POCIS devices, which can be performed only once for a given compound. Laboratory calibration is more cost-effective. A potential disadvantage of laboratory calibration is that environmental conditions are not taken into consideration, which can lead to biased TWA estimations (Fedorova et al., 2014; Miller et al., 2016). Besides, it is also important to control important physicochemical parameters in water that may influence RS values, such as temperature, flow, pH, conductivity, dissolved organic carbon (DOC), and the expected concentration of the compounds of interest on the water (Morin et al., 2012). Laboratory calibration is more commonly applied due to its simplicity and can be performed in both static or recirculation approaches (Arditsoglou and Voutsa, 2008; Harman et al., 2009).
The in situ calibration of RS values of POCIS was applied to illicit drugs by Baz-Lomba et al. (2017). Accumulation curves, relating CF (CS/CW) of the compound (y axis) to the POCIS exposure time to the investigated residual water environment (x axis, in days), were fitted for exposure times of 14, 21, and 28 days. From these curves, RS values were calculated as the slope of the linear part of the fitted curves for the compound of interest, forcing this curve through the origin. The average coefficient of variation (CV%) for the different in situ calibration sets was smaller when using the results from the first 14 days of exposure, with an average CV% lower than 17.1% for the investigated compounds. COC, BZE, morphine, and methamphetamine presented linear incorporation profiles. However, the in situ calibration required a parallel composite collection of water samples for the estimation of RS, which is required for the establishment of CF values (CS/CW, L g−1), as presented in Eq. 5.
Laboratory calibration can be performed using static calibration procedures or continuous flow systems. Static calibration (closed system, with analyte spiking at the beginning of the experiment) is considered to be appropriate when the compounds of interest are not rapidly degraded or adsorbed and the calibration time is smaller than one week, to reduce the influence of other processes affecting dissipation (Magi et al., 2018). The RS value in laboratory calibration is calculated similarly to in situ calibration, but, as the water concentration of the compounds is controlled, there is no need for active composite sampling during these experiments. Another way to estimate RS of a compound is to measure the decrease in the analyte concentration in water along time in a static calibration, as applied by Yargeau et al. (2014). These authors calculated RS using a linear regression describing the loss of the compound from water as the result of the adsorption into the POCIS during the 8 days of the calibration experiment. In this regression, the natural logarithm of the concentrations (y axis) was plotted against the adsorption time (x axis). At the end of the calibration experiment, the POCIS was removed from the testing vessel and analyzed to compare the accumulation of the compound at the sorbent with the RS calculated considering the loss of the analyte in the water. The results of this evaluation concluded that the adsorption of the compound by the PES membrane has a negligible effect on the RS (Yargeau et al., 2014).
If the concentration of the measured compound is sufficiently high, direct injection of the water being sampled in the analytical system is possible, simplifying the calibration procedure (Morin et al., 2013). Additionally, all interfering conditions, as pH, temperature, and conductivity, can be controlled during the calibration experiments. Laboratory calibration for drugs of abuse analysis using POCIS was already described by Yargeau et al., 2014.
Only a few studies reported RS values for drugs of abuse, either obtained by in situ or laboratory calibration, as presented in Table 2. Also, the lack of standardization of the calibration procedures can result in significantly different RS values for the same compound, as can be observed in the current literature.
TABLE 2 | Target compounds, POCIS calibration, and sampling rates used to estimate water concentration of drug consumption biomarkers from POCIS
[image: Table 2]EFFECT OF POLAR ORGANIC CHEMICAL INTEGRATIVE SAMPLER EXPOSURE CONDITIONS ON RS VALUES
The RS of a certain POCIS device is significantly affected by environmental conditions, like water flow (Alvarez et al., 2004; Bailly et al., 2013; Guibal et al., 2020), water temperature (Li et al., 2010), pH (Li et al., 2011), and biofouling (Harman et al., 2009).
The effect of water flow during POCIS sampling was evaluated by Guibal et al., 2020, for 44 pharmaceutical drugs, in a wide range of polarities. The calibration was performed at four different water flows: 0 (v0), 2-3 (v1), 6-7 (v2), and 20 (v3) cm s−1. Sampling rates were in the range of 0.040–0.218, 0.063–0.375, 0.062–0.408, and 0.075–0.539 L d−1 for v0, v1, v2, and v3, respectively. The authors concluded that an increase in water flow results in a decrease in the effective thickness of the water boundary layer at the POCIS membrane surface and, as a consequence, the increase in RS. A similar observation was previously described by Alvarez et al. (2004) that evaluated RS of six micropollutants under quiescent (nonstirred) and turbulent (stirred) conditions. The adsorption of the evaluated chemicals was considered under aqueous boundary layer control, as shown by the increase in 4–9 times in RS when water was agitated. The effect of water flow on RS is dependent on the physicochemical properties of the investigated compounds. Bailly et al., 2013 found that an increase in water flow from 0.11 to 0.29 m s−1 did not affect RS of sulfamethoxazole. Di Carro et al. (2014) evaluated RS of several pesticides, pharmaceuticals, and chemicals by Pharm-POCIS and did not found differences at water flow rates in the range of 2–15.3 cm s−1.
The increase in water temperature influenced RS of pharmaceuticals, personal care products, and endocrine disruptors adsorbed by POCIS, with an increase of up to two times when the temperature changed from 5 to 25°C (Li et al., 2010). Djomte et al. (2018) described a linear increase in RS when increased in the range of 8–39°C in a constant water flow.
Li et al. (2011) studied the effect of pH on the RS values on POCIS sampling. The RS values of acidic pharmaceutical were reduced with the increase in pH from 3 to 9, whereas basic compounds presented the opposite trend. However, the observed RS changes were with a three-fold range for the majority of the compounds. The dissolved organic matter (DOM) did not affect RS in a relatively narrow range of value DOM values, from 3 to 5 mg L−1. The authors concluded that expected values of pH and DOM in natural water sources will result in small changes in RS values.
Harman et al. (2009) fouled the POCIS before exposure to water containing the chemicals of interest. The fouling ranged from 0.2 to 2.8 g of dry weight dm−2, and exposure lasted for 6 weeks. Fouled POCIS adsorbed up to 55% more alkyl phenolic compounds than nonfouled POCIS.
Fouling can modify the mass transfer of the analyte, by increasing the thickness of the barrier or decreasing the size of membrane pores. Considering this possibility, Bailly et al., 2013 suggested that RS values must be calculated using a matrix with organic content similar to the expected field conditions.
On the other hand, Rosen et al., 2018 did not found a relevant effect of biofouling on RS of explosive compounds (2,4,6-trinitrotoluene and hexahydro-1,3,5-trinitro-1,3,5-triazine) when sampling was performed for up to 28 days. This behavior, different from the one observed for alkyl phenolic compounds, could be attributed to the higher polarity of the investigated chemicals.
Complementary studies are needed to clarify the impact of biofouling at POCIS adsorption of chemicals.
ANALYTICAL METHODS FOR THE MEASUREMENTS OF DRUGS OF ABUSE IN POLAR ORGANIC CHEMICAL INTEGRATIVE SAMPLER
The measurement of drug consumption biomarkers in residual water requires the availability of sensitive analytical methods, usually after a concentration step. The concentration can be performed by a variety of extraction approaches, being solid-phase extraction the most commonly used strategy. When using POCIS, the sampling device can concentrate the analytes of interest in a very effective way. Oasis HLB® is the more common sorbent used on POCIS for the determination of concentrations of drugs of abuse and its metabolites. This sorbent is highly versatile, being able to retain compounds with a wide range of polarities and acid-base properties, at variable pH ranges (Vazquez-Roig et al., 2013). After disassembling the device, the POCIS sorbent is usually transferred to an empty solid-phase extraction cartridge, washed with 10–20% methanol, and eluted using organic solvents (Harman et al., 2011; Baz-Lomba et al., 2017).
After extraction of the compounds of interest from the POCIS sorbent, analysis is usually performed using methods with mass spectrometric detection, particularly liquid-chromatography coupled to tandem mass spectrometry (LC-MS/MS) (Zuccato et al., 2005; van Nuijs et al., 2009a). LC-MS/MS is usually preferred once analytes in water are polar compounds, being amenable to liquid chromatographic separations without derivatization steps, and the technique also presents high sensitivity (Vazquez-Roig et al., 2013). Among the mass detector used in LC-MS/MS, triple quadrupoles are the most used due to its quantitative performance and robustness (Ort et al., 2014b; Thomas et al., 2012). The use of LC-MS/MS for the measurement of drug concentration in residual water requires the use of the deuterated internal standard to minimize matrix effects, which are usually significant when electrospray ionization sources are used (Castiglioni et al., 2006).
The uncertainty of the TWA concentrations estimated using POCIS was evaluated by Baz-Lomba et al. (2017). Two different confidence intervals were calculated, considering the precision of the RS values obtained during in situ calibration and that RS values could vary with a two-fold interval. The uncertainty (U) was estimated for five pharmaceutical compounds, using the following equation:
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The uncertainty ranged from ±35.4% for atenolol to ±43.1% for metoprolol. The uncertainties were attributed mainly due to the variability during the in situ calibration of the POCIS.
PREVIOUS REPORTS OF POLAR ORGANIC CHEMICAL INTEGRATIVE SAMPLER USE FOR WASTEWATER-BASED EPIDEMIOLOGY OF DRUGS OF ABUSE
Despite the attractiveness of POCIS use in terms of cost and versatility, once a few studies had used this sampling strategy in WBE studies for drugs of abuse. Table 2 presents an overview of studies that employed POCIS for the measurement of drugs of abuse concentrations. However, in the text below, only reports that used POCIS measurements for WBE of drugs of abuse will be discussed.
An early report applied POCIS for the evaluation of drug consumption in the city of Oslo, in Norway (Harman et al., 2011). In this study, the sampling campaign lasted for a whole year, and several temporal trends in drug consumption in the evaluated population were identified. Besides drugs of abuse, authors also monitored concentrations of cetirizine, an antihistaminic drug mostly used during spring months. In fact, cetirizine concentrations in POCIS samples collected during spring, when a high incidence of seasonal rhinitis is observed, were more than two-fold the levels measured in POCIS collected during the winter. Authors considered this finding as an indication of the POCIS capability of detecting time-related patterns of drug use in a monitored population. The same study reported peaks of MDMA consumption during a popular student celebration in Norway, as well as fluctuations in the consumption of COC and amphetamine over the year, with prominent peaks on summer and winter, usually associated with holidays. Variation in the estimated drug consumption over the year can also be associated to the variable availably of the different drugs. The authors estimated COC consumption based on the TWA concentrations of BZE, resulting in consumed amounts of 20–70 mg day−1 1.000 inh−1. When using TWA concentration of COC for the estimation of the drug consumption, values were in the range of 310–2,800 mg day−1 1.000 inh−1. The authors of this study concluded that consumption based on COC concentrations was more accurate when compared with studies performed in other European cities using active sampling. Measuring BZE in relation to COC is the preferred approach since COC can be present in wastewater without having been used and because COC exhibits significant degradation. However, due to the nonlinear absorption kinetics of BZE presented in their work, measuring COC may be more appropriate when using POCIS. In the case of amphetamine and methamphetamine, average daily consumption was estimated to be in the range of 190 mg day−1 1.000 inh−1 and 400 mg day−1 1.000 inh−1, respectively.
Baz-Lomba et al. (2017) also made a WBE study in Oslo, with POCIS sampling being performed continuously for two years. Using BZE concentrations, the average COC consumption during the years of 2012 and 2013 was 120 mg day−1 1.000 inh−1, which was considered as adequately concordant with estimations made using BZE levels obtained after an active composite sampling campaign, of 152 mg day−1 1.000 inh−1, reported by SCORE group in 2015. Average methamphetamine consumption during the years of 2012 and 2013 was estimated as 263 mg day−1 1.000 inh−1, also in concordance with the active sampling estimations.
There are a few report of POCIS RS of illicit drugs in the literature. As summarized in Table 2, reported RS is very variable even for the same compound. In situ determined RS for COC was reported in the range of 0.096–0.186 L d−1 and laboratory calibration reports presented the value of 0.13 L d−1. Also for BZE, a similar pattern is observed, with in situ determined RS of 0.039 and 0.083 L d−1, and laboratory calibration reports described RS value of 0.13 L d−1. Considerable differences can also be noted for morphine (in situ RS of 0.023–0.044 L d−1; laboratory RS of 0.261 L d−1) and methamphetamine (in situ RS of 0.026 and 0.128 L d−1; laboratory RS of 0.231 L d−1). The widely variable of POCIS RS values shows that these values are highly dependent of the experimental calibration conditions and also characterize the semiquantitative nature of the drug consumption estimation using POCIS in WBE. Baz-Lomba et al. (2017) performed a WBE study in the same location than Harman et al., 2011, using POCIS sampling, which were calibrated in situ. The RS values described by Baz-Lomba et al., 2017 were almost the half for cocaine, BZE, and morphine and about five times lower for methamphetamine. One possible explanation for these differences could be the impact of the water flow rate around the passive samplers, with higher turbulence leading to increased RS values due to the reduction of the water boundary layer over the POCIS membrane (Guibal et al., 2020).
Detailed analytical data are not available in several manuscripts summarized in Table 2. Liquid chromatography coupled to mass spectrometry was used in all studies, either with tandem quadrupole (Bartelt-Hunt et al., 2009; Harman et al., 2011; Metcalfe et al., 2011; Yargeau et al., 2014), ion trap (Rodayan et al., 2016), or time-of-flight (Baz-Lomba et al., 2017) detectors. Bartelt-Hunt et al. (2009) estimated a limit of detection lower than 1 ng ml−1, which relates to an absolute amount of 1 ng recovered from the POCIS. Also, recovery of target compounds was checked by analysis of fortified blanks spiked with known amounts of each compound, averaging 123 ± 30%. Rodayan et al. (2016) measured drug concentrations in wastewater, with limits of quantification between 0.48 and 8.4 ng L−1, according to the measured analyte. The analyte recovery from POCIS was higher than 80%. The concentrations of some analytes measured in grab samples were lower than TWA estimated from POCIS. In some cases, analytes were detected or quantifiable in POCIS but not in the corresponding grab samples, such as which illustrates the value of passive sampling for concentrating trace contaminants to detectable levels and the importance of effective sampling strategies. Yargeau et al. (2014) collected wastewater specimens both using POCIS and automatic composite sampling. Authors reported that methamphetamine, dihydrocodeine, and oxycodone were detected on POCIS but not in all composite samples. These findings support previous studies showing that POCIS may accumulate drugs to detectable levels when these compounds are not detectable in grab or composite samples of wastewater. Harman et al. (2011) reported quantification limits for target compounds in POCIS 0.5 and 5 ng POCIS−1 (morphine and methamphetamine were exceptions with limits of 10 and 50 ng POCIS−1, respectively). Baz-Lomba et al. (2017) reported recovery for all tested compounds in their study from the HLB POCIS sorbent in the range of 72–118%.
Figure 2 outlines all steps for a WBE study for drugs of abuse consumption using POCIS, from sampling to consumption estimation. In this example, an estimate of COC consumption after BZE concentration measurement is exemplified.
[image: Figure 2]FIGURE 2 | Outline exemplifying the estimation of consumption of COC by wastewater analysis using POCIS as a sampling tool.
CONCLUSION
Wastewater-based epidemiology is a useful tool to detect illicit drug use of a population in real-time, allowing effective health and law-enforcement actions. The application of wastewater-based epidemiology requires that representative samples are obtained in practical and effective way. An attractive, adaptable, and low-cost alternative for sampling of biomarkers of drug consumption in residual water is the use of POCIS. Average biomarkers concentration in residual water can be estimated using POCIS, particularly for compounds presenting linear accumulation kinetics on the sorbent. To date, only few studies applied POCIS in WBE and more studies are required before the use of this sampling strategy can be considered as standard. However, considering the cost of composite active samplers and also the operational requirements of these equipment, the use of POCIS is very attractive to allow WBE long-term studies in limited resources settings, even considering its semiquantitative nature.
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Target Compounds.
Morphine (285.34)

Morphine (285.34) spiked in
human urine

Cocaine (303.35)

Cocaine (303.35) spiked in
human urine

Codeine (299.36)

Codeine (299.36) spiked in
human urine

AM (135.21)

AM (135.21) spiked in human
urine

MA (149.24)

MA (149.24) spiked in human
urine

MDA (179.22)

MDA (179.22) spiked in human
urine

MDMA (193.25)
MDMA (193.25) spiked in human

urine
HMTD (208.17)
RDX (222.12)

HIVIX (296.16)

AN (80.05)

Reproduced under permission from ACS (Habib et al., 2014) and Elsevier (Bi et al., 2021).

Characteristic ion (m/z)
[M+H]* (286)
[M+H]* (286)
[M+H]* (304)
[M+H]* (304)

[M+H]* (300)
[M+H]* (300)

[M+HI* (136)
[M+H]* (136)

[M+H]* (150)
[M+H]* (150)

[M+H]* (180)
[M+H]* (180)

[M+H]* (194)
[M+H]* (194)

[M+H]* (209)

[M+NO,]- (268)
[M+NOs]~ (284)
[M+NO,]- (342)
[M+NOsJ~ (358)

[HNO3+NO3]~ (125)

LOD (pg) Mean & SD

(40.38 1,55, (50.68 + 5.39%", (300)°, (25 x
10%F, (6 x 1099 (8 x 10%)°
(500P" (1 x 10°9"

(20.00 £ 0.91)%, (500P, (7 x 10°F, (5 x 10°),
(18)°
(39.88  1.65) (800} (500)°

(50.25 + 1.85)", (600, (3 x 10%)°, (500)%, (150)°
(900"

(0.10)" (0.60)"t*
0.08)"

(0.10)" (0.60)"t*
(1 x 10, (.04t

(0.80)" (3.00tt
(.40

(0.60) (1.00tt
020"

(19.38 £ 0.85)", (30.25 + 2.72)*", (200°,
@ x 10°¢

(20.63 + 1.31)%, (60.75  4.201", (2009, (5 x
10%F, (80, (2 x 10%)', (300
(100.13 + 4.66), (900)°

(200.25 9,04, 2 x 1%, (10 x 10°°

RSD (%)

(.83, (9.04*"

(4.567
@14y

@68

(7.89
©.23)"

©.67)"
673"

(14.05)"
®56)"

(11.720t
. 92)7\'

(4.4, (9.00"
(.44, 8.46)"
(4.667

(4528

4B et al. (2021) (Limits of detection in the present study (LODs: S/N = 3:1) and relative standard deviation (RSD %) using PFA" and wooden'* substrate).  Habib et al. (2014). ©
Usmanov et al. (2013). ¢ Usmanov and Hiraoka (2016). © Jackson et al. (2010). ! Justes et al. (2007). 9 Garcia-Reyes etal. (2011). " Habib et al. (2020) (Limits of detection in the present
studly (LODs: S/N = 3:1) and relative standard deviation (RSD %) using (K2CO3+NH3)! and (K2CO8J'! solutions).

The limits of detection (LODs) of the compounds of interest have been estimated on the basis of the bold underlined peaks.
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lons observed at three ion source pressures with m/z values in the ion source parentheses LOD (pg) at three ion source pressures

(Torr)
Compounds Temperature 1 Torr 5Torr 28 Torr 1 5 28
(molecular mass) c)
TATP (222) 150 [CsHsO2+HI* (75) [CaHeO+H]* (75) - - -
[CaHgOs+H]* (91) [CaHsOs+H]* (91)
[M+NH,]*+ (240)
HMTD (208) 180 [M+H]* (209) [M+H]* (209) - 100 20
[M-CHZOJ* (179) (M-CH,OJ* (179)
TNT (227) 150 M- (227) M- (227) M-HJ- (226) 2 50 70
M-NOI- (197) [M-H]- (226) M+HI™ (228)
[M-OHJ~ (210) [M-NOJ- (197) [M-H+0]- (242)
[M-2NOJ- (167) [M-3NOJ~
(187)
[M-H+O]~ (242)
NG (227) 150 [M+NO]- 289 - - 300
PETN (316) 180 [M-CH20NO]~ (240)  [M-CH,ONO,]~ (240)  [M+NO,]" (362) 1000 1000 800
[M+NOs]~ (378) [M+NO;]- (378)
RDX (222) 180 [M-NOz-CHzNNO,J" (102) [M-NO2-HNO]™ (129)  [M-NO-HNOJ" (129) 30 0
[M-NO,-HNO,]- (129)  [M+NO,J~ (268) [M+NO5]~ [M+NO,]~ (268)
[M-NOJ" (176) (284) [M+NOs]~ (284)

Bold type indicates the major ion. The ions used to obtain analytical curves are underlined.
Reproduced under permission from Wiley (Habib et al,, 2015).
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Analytes Concentration (pg/mg)

5F-MDMB-PICA 1
10
50
150

10
50
150

10
50
150

10
50
150

20
50
150

10
50
150

Autosampler, 4°C, n = 6 (%)

24h

100.6
100.2
99.7
100.0
1022
98.9
97.4
101.2
108.7
99.2
94.7
101.8
101.7
99.4
99.7
100.2
100.6
100.4
98.7
100.4
97.1
103.9
100.2
996

48h

100.8
99.2
100.4
99.8
103.4
101.0
98.2
100.6
101.8
100.0
96.7
101.0
104.4
98.7
96.8
100.8
108.4
100.8
95.0
101.0
105.8
100.3
98.0
1009

72h

105.0
100.8
99.1
101.0
103.7
100.5
99.7
100.5
96.8
100.9
99.6
99.1
105.3
101.6
99.8
100.6
102.5
104.4
94.3
101.4
102.2
100.2
97.0
101.3
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Case Age

1 2
2 53
3 25
4 36

Female

Male

Male

Male

detected below the LLOQ; nd, not detected.

Hair section (cm)

13
4-6
13

13
4-6
13

5F-MDMB-PICA

7
283
46
349
275
1025

nd

Concentration (pg/mg)

M2

nd
<1
nd
<1t
<1*
30
nd
nd

M4

M7

=
<2
2

28
56
<2*
nd

Mo

nd
nd
1
<1
nd
<1
£ b
nd
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Analytes Formula Precursor ion (m/z) Product ion (m/2) DP (V) CE(eV) Rt (min)

SF-MDMB-PICA CaiHaoFN0s a77.2 2322 50 2% 335
1440 50 55 335
M2 CaiHaoFN20s 3753 2300° 75 2 280
1440 75 s 280
M4 CaozrFN20s 3791 248.2* 60 18 2.44
1439 60 4 2.44
M7 CaoHarFN,O5 363.1 2320 55 23 285
1440 55 51 285
M8 CroHaeN20s 361.1 2160 40 20 269
140" 0 55 268
Mo CaiHaoFN0s 3031 2481 60 21 288
240.1 60 3 288
JWH-014 Hydroxypentyl CaeHiDsNO; 3633 165.0° 80 28 312
s 127.0 80 60 312

*quantifier ions; DP, declustering potential; CE, collision potential: R, retention time.
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Analytes Linearity range (pg/mg) Regression equations Correlation coefficients (R?) LOD (pg/mg) LLOQ (pg/mg)

h=2)
5F-MDMB-PICA 1-200 y=0.07073x + 0.01786 0.9992 05 1
M2 1-200 y=0.08282x + 0.01135 0.9991 05 1
M4 2-200 y = 0.08617x - 0.00556 0.9994 b 2
M7 2-100 y = 0.04442x - 0.03089 0.9992 1 2
M8 5-200 y = 0.08365x - 0.00790 0.9992 5 5
M9 1-200 y = 0.08553x - 0.02541 0.9989 05 1
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Analytes Concentrations (pg/mg) Intra-day (n = 6) Inter-day (n =24) Matrix effect Recovery (%)
(=6 (n=6)
Precision (%) Accuracy (%) Precision (%) Accuracy (%)
Mean (%) CV (%)

5F-MDMB-PICA 1 6.6 105.0 5.8 98.8 23.0 12 725
10 12 102.6 25 100.9 19.7 08 78.1
50 4.0 99.8 4.9 1013 19.1 g 91.8
150 28 99.4 5.6 96.8 20.2 1.1 93.3
M2 1 12 97.4 83 95.0 535 49 83.8
10 43 104.2 6.5 1013 43.0 25 80.8
50 45 99.0 7.4 101.0 40.6 41 815
150 6.1 100.1 10.0 96.4 41.0 28 T
M4 2 12 101.2 5.0 1023 90.4 11.4 64.4
10 42 108.7 4.2 976 102.6 69 60.7
50 4.1 98.0 4.5 99.6 98.3 6.6 76.0
150 24 999 73 98.7 939 77 815
M7 2 07 104.2 78 108.7 55.6 43 63.3
10 16 100.4 6.0 97.0 59.7 6.1 61.1
50 18 96.1 4.6 99.8 59.2 2. 775
150 60 101.3 85 98.3 58.9 25 833
M8 5 28 ar.7 53 1013 30.2 22 63.0
20 12 101.8 1.7 99.5 33.6 20 76.1
50 13 976 4.1 983 35.6 4.2 79.4
150 5.0 100.5 7.7 100.1 36.8 20 85.6
M 1 10.8 107.4 12.2 101.0 57.2 83 70.6
10 11 988 65 101.2 46.2 36 716
50 LE 96.4 6.9 98.6 46.0 26 70.8

150 24 101.7 15 94.7 48.4 40 722
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Compound  Structure

@

4CI-PVP

Cr

A

M1 4CI-PVP

%

OGIUCQ

M2 4CI-PVP Cl

3

g

M3 4CI-PVP Cl

M4 4CI-PVP

Cc

M5 4CI-PVP

R

Ci

[M+H]*  Elemental  Error
(m/z)  composition  (ppm)
2661311 CisHpsONO  +19
268.1463  CisHzsOINO 0
4441786 CoHaiCINO7 405
284.1413  C15H23CINO2 +0.4
H 2821256 CisHpiCINO; 404
Gluc 4581580 CoiHCNOs 409

Productions Elemental

(mlz)

223.0753
196.0568
163.0102
138.9957
126.1304

250.1359
207.0806

268.1469
250.1371
207.0808

266.1302
248.1201
206.0738

264.1166
142.1233
153.0109

282.1261
264.1154
195.0568

composition

Ci2H1CINO
Ci1HisCO
CeHeCIO
CrHiCO
CaHioN

CisHz1CIN
Ci2H12CIN

CisHzsCINO
CisH20CIN
Ci2H1sCIN

Ci5Hz1CINO
CisH1oCIN
CizH13CIN

CisH19CINO
CsHigNO
CgHeCIO

Ci5Hz1CINO,
CisHisCINO
CyiHpCIO

Error
(ppm)

+22
-15
o
+86
-47

+08
—14

+22
+56
-05

-15

+05

+19
+49
+4.6

+2.1
+15
-15

Identification

HLM
RLM

HLM
RLM

HLM

HLM
RLM

HLM
RLM

Also shown the corresponding experimental m/z values and proposed elemental composition for the protonated molecule and characteristic fragment ions (presented with the associated

error in ppm).
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[M+H]*  Elemental Error(ppm)  Product  Elemental Error (ppm) identification

Compound  Structure
(m/z)  composition fons (m/z)  composition

4-MDMC [o] | 192.1374 Ci2HigNO -47 119.0877 CoHyy +0.2 o

N

370.1488  Ci7H2sNOg 2.1 1941167 C11HigNOz -46 RLM

o
H 1781229 CyiHigNO +17
N 160.1121 CiiHiaN 0
EGluc

Also shown the corresponding experimental mv/z values and proposed elemental composition for the protonated molecule and characteristic fragment ions (oresented with the associated
error in ppm).

M1 4-MDMC
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Compound  Structure [M+H]*(m/z) Elemental Error (ppm)  Product  Elemental  Error (ppm) Identification

composition ions (m/z)  composition

4-MDEC o 2201697 CiaHzNO +05 1741270 CizhheN 40 -

169.1044  CioHioN +0.6

N 1440813 CiohhoN -35
M1 4-MDEC (o] H 1921378 CioHisNO -26 1440812 CiohhoN +28  HM
RLM

N~

M2 4-MDEC (o] 2081320  CyzHigNO, +1.4 1724128 CypHuN +4.4 HLM
1440813 GiokhoN +35  RWM
M3 4-MDEG 3841637 CighzsNOs +4.1 208.1837  CizhheNOz +24 RLM

[o]
H 17214124 CHyuN 17
N
Kluc

Also shown the corresponding experimental m/z values and proposed elemental composition for the protonated molecule and characteristic fragment ions (presented with the associated
error in ppm).
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Compound Structure

4-CEC

Cl
M1 4-CEC

Cl
M2 4-CEC

Cl

RN,

W

H
N _~
H
N
H
H
N
Gluc

[M+H]*(m/z) Elemental

212.0837

228.0779

404.1104

composition

Ci1HisCINO

C11Hi5CINOz

Cy7HzCINOg

+0.7

(m/z)

164.0252
159.1036
144.0813

138.9947

228.0780

Error (ppm) Fragmentions Elemental

composition

CoH7CIN
CiihhaN
CroHioN

C7HiClO

Cy1H1sCINO,

Error (ppm)

+55
-38
+35

+1.4

Identification

RLM

RLM

Also shown the corresponding experimental m/z values and proposed elemental composition for the protonated molecuie and characteristic fragment ions (presented with the associated

error in ppm).
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Compound Structure [M+H]*  Elemental  Emor  Production Elemental  Error lIdentification
(m/z)  composition  (ppm) (miz)  composition  (ppm)

161.0964 Ci1H130 +25

[o]
O 1261281 CghyeN +32
a-PVP 2324685  CygHzNO  —47 1050343 CrHsN +76 -
91.0541 CrHy -19
700650  CaHaN —14

216.1736 CisHaN =51 HLM
M1 o-PVP 234.1849  CisHauNO -1.3 1731194 CroHisN -28 L
91.0539 CrHy -33

M2 o-PVP ? 2601809 CisHaNO, 1258 2021706 CisHzzNO =48 am
‘ H ' e ’ 2141591 CisaoN 05
48.1645 CisHazaN 0

/%GHJC halNOp HLM
M3a-PVE 4241972 CpHxoNOs  +14 2301588 CisHaoNO —04

RLM
161.0960 Ci1H130 -0.6

OGluc;

250.1803  CisHzaNO2 +08
2321699  Ci5H2NO +13 HLM
248.1653  Ci4H1gNO, +3.2 RLM
161.0953 Cy1Hi30 +5.0

M4 o-PVP 426.2118  Cp1HaNOg -0.9

¢

Also shown the corresponding experimental m/z values and proposed elemental composition for the protonated molecuie and characteristic fragment ions (presented with the associated
error in ppm).
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Sample name

Heroin seized

Heroin standard

Cocaine seize

Cocaine standard

Mephedrone seized

Mephedrone standard

Ephylone seized

Ephylone standard

Butylone seized

Butylone standard

JWH-073 seized

JWH-073 standard

2-naphyrone seized

2-naphyrone standard

‘Chemical name Structure

(60.,6a)-7.8-didehydro-4,5-epoxy-17-
methylmorphinan-3,6-ciol
diacetate

methyl (15,38,4R 5R)-3-benzoyloxy-
8-methyl-8-azabicyclof3.2.1joctane-
4-carboxylate

2-(methylamino)-1-(4-
methylphenyljpropan-1-one

1-(1,3-Benzodioxol-6-y)-2-
(ethylamino)pentan-1-one

1-(1,3-benzodioxol-5-yi)-2-
(methylamino)butan-1-one

Naphthalen-1-yi-(1-butylindol-8-
yimethanone

/

\

1-(naphthalen-2-yl)-2-(pyrrolicin-1-
Y)pentan-1-one

Origin

Sample was seized by the Police of the Gzech
Republic.

Standard was purified in our laboratory.

Sample was seized by Police of the Czech
Republic.

Standard purchased from Fagron a.s.

Sample was seized by Police of the Czech
Republic.

Standard was purchased from Alfarma s.r.o.

Sample was seized by Police of the Czech
Republic.

Sample was purified in our laboratory.

Sample was seized by Police of the Czech
Republic.

Standard was purchased from Alfarma s.r.o.

Sample was seized by Police of the Czech
Republic.

Standard was purchased from Alfarma s.r.o.

Samples were seized by Police of the Czech
Republic.

Standard was purchased from Alfarma s.r.o.
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Experiment  Random Buffer Buffer volume  Stirring time

order pH () (min)
1 13 100 300 10
2 5 95 300 5
3 14 10.0 300 10
4 9 10.0 100 5
5 10 100 500 5
6 6 105 300 5
7 7 95 300 15
8 8 105 300 15
9 11 10.0 100 15
10 4 105 500 10
1 12 100 500 15
12 3 95 500 10
13 2 105 100 10
14 1 9.5 100 10

15 15 100 300 10
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Analyte LoD (ng/mi) LoQ (ng/ml) Linear regression equation Determination coefficient (r2)

DMT 1.0 5.0 0.0613x - 0.0396 0.9974
THH 20 5.0 y=00121x-0.0183 0.9923
HRL 20 5.0 y =0.0347x - 0.0856 0.9913

HRM 20 5.0 y =0.0848x - 0.1024 0.9921
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260 £1.7%
7.5+38%
6.6 +7.3%
44.4 +£10.7%
321 +12.9%
25.5 £ 9.5%
186+ 12.1%
124 £7.2%
10.4 £8.7%
3.4 £39.7%
6.9+ 12.2%
29+51%
151 +£4.3%
75+10.8%
50.9 + 63.5%

p-value

3.27E-08
1.44E-05
8.41E-02
5.23E-05
3.77€-01
5.04E-04
8.84E-02
1.65E-01
6.44E-02
1.94E-02
1.14E-01
4.80E-01
1.84E-02
2.51E-02
4.80E-01
6.79E-02
6.70E-02
1.00E-02
5.77E-01
4.02E-01
4.61E-02
4.81E-06
9.94E-06
9.44E-01

Stability call

Unstable
Unstable
Stable
Unstable
Stable
Stable
Stable
Stable
Stable
Unstable
Stable
Stable
Unstable
Unstable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable

First unstable day of
analysis

Day3
Day 14
Day 30
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Analyte

Mephedrone

Naphyrone

MDPV

Bold values indiicate instability criteria were met (i.e., % change in concentration >= 20 and/or p < 0.05).

Solvent

Blood

Urine

Blood

Urine

Blood

Urine

Blood

Urine

Storage
temperature (°C)

20

% Difference between
days 0 and 30

96.5 £ 0.3%
240 +£21%
255+7.8%
40.8 £ 1.6%
0.1+5.2%
70+8.4%
98.8 £ 0.2%
91.1 £2.2%
254+91%
97.6 £0.6%
04+3.1%
27 +4.4%
457 £3.2%
49 +12.8%
9.4+32%
80+5.8%
14.7 £83%
86+1.2%
723 +£1.9%
80+12%
6.6 +2.8%
124 £27%
12.4+£2.0%
14.7 £ 4.6%

p-value

3.56E-09
5.42E-03
3.33E-03
5.24E-05
1.50E-01

3.48E-02
1.12E-09
6.44E-08
7.65E-03
2.44E-08
4.21E-01

2.65E-01

1.32E-03
3.72E-01

3.39E-01

5.26E-01

7.32€-02
8.23E-01

6.75E-08
9.16E-03
3.47E-03
4.61E-05
2.40E-02
9.14E-04

Stability call

Unstable
Unstable
Unstable
Unstable
Stable
Stable
Unstable
Unstable
Unstable
Unstable
Stable
Stable
Unstable
Stable
Stable
Stable
Stable
Stable
Unstable
Stable
Stable
Stable
Stable
Stable

First unstable day of
analysis

Day 7
Day 14
Day 14
Day7
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Callibration levels (ng/ml) Quantification parameters

Level 1 Level2 Level3 Level4 Level 5 Polarity Parentlon (m/z)— quantifier Qualifierion for 1S IS concentration IS parention — quantifier ion
ion data processing (ng/mi)
(m/z)
THC 1 2 5 10 20 + 315.2319 — 193.1222 123.0440 THC-D3 10 318.2507 — 196.1413
THC-COOH 5 0 25 50 100 - 3431915 — 2451546  191.1068 THC-COOH-D9 100 352.2479 — 254.2108
Cocaine 10 20 50 100 200 + 304.1543 — 182.1177 82.0657 Cocaine-D3 100 307.1731 — 185.1364
Cocaethlyene 50 100 250 500 1,000 + 318.1699 — 196.1333 82.0651 Cocaine-D3 100 307.1731 —» 186.1364
Benzoylecgonine 50 100 250 500 1000  + 290.1387 — 168.1020 1050338 Benzoylecgonine-D3 100 293.1575 - 171.1204
Amphetamine 0 2 50 100 200  + 136.1121 > 910547 1190857 Amphetamine-D8 100 144.1623 > 97.0021
Methamphetamine 0 2 5 100 200  + 150.1277 — 910547 1190857 Amphetamine-D8 100 144.1628 > 97.0021
MDA 0 2 50 100 200  + 180.1019 - 1330648  105.0702 MDMA-D5 100 1991480  165.0877
MDMA 0 20 5 100 200  + 1941175 > 1630753  135.0441 MDMA-DS 100 1991489 > 165.0877
Methylphenidate 0 2 50 100 200  + 234.1488 > 84.0813 56,0503 Methylphenidate-D10 100 2442116 - 93.1376
Morphine 5 50 500 1000 2000  + 286.1438 2010008 2290858 Morphine-D3 1,000 2801626 — 201.0906
Codeine 5 50 500 1000 2000  + 300.1594 — 2151061 580659 Codeine-D3 1,000 303.1783 - 215.1061
Methadone 5 50 500 1,000 2,000 + 310.2165 - 105.0339 219.1167 Methadone-D3 1,000 313.2354 — 105.0337
Tramadol 5 50 500 1000 2000  + 264.1958 580659 - Tramadol-*C-D38 1,000 269.2287 — 58,0657
O-Desmethyltramadol 5 50 500 1000 2000  + 250.1801 — 580650 - O-Desmethyltramacdol-D& 1,000 2562178 — 64.1083
Diazepam 100 200 500 1000 2000  + 285.0780 — 154.0417  193.0885 Nordiazepam-D5 1,000 276.0947 - 140.0258
Nordiazepam 100 200 500 1000 2000  + 271.0633 — 1400262 1650212 Nordiazepam-D5 1,000 276.0947 — 140.0258
Oxazepam 100 200 500 1000 2000  + 287.0582 — 241.0527  104.0498 Nordiazepam-D5 1,000 276.0047 — 140.0258
Lorazepam 20 50 100 150 800  + 3210192 » 2290527 1630055 Aprazolam-D5 100 314.1215 - 286.1018
Bromazepam 20 50 100 150 800  + 3160080 - 1820839  200.0945 Aprazolam-D5 100 314.1215 - 286.1018
Alprazolam 5 10 25 50 100+ 300.0002 > 281.0707  274.1208 Aprazolam-D5 100 314.1215 - 286.1018
Zolpidem 40 100 200 800 600  + 308.1757 — 2351230  263.1175 Zolpidem-D6 100 3142134 — 235.1224
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Trueness (%) (k= 4;n = 4;p = 3)

Calibration level (ng/ml)  Level 1 Level 2 Level 4 Level 5
THC 107.3 98.4 101.8 108.2
THC-COOH 100.9 104.2 102.4 101.9
Cocaine 101.4 1022 103.0 1033
Cocaethlyene 102.1 106.7 101.1 99.4
Benzoylecgonine 101.8 103.6 100.6 99.8
Amphetamine 107.7 104.8 1016 100.7
Methamphetamine 1029 101.2 100.6 97.2
MDA 104.4 106.3 103.4 98.2
MDMA 107.2 102.2 97.6 98.3
Methylephenidate 104.8 103.4 102.4 100.6
Morphine 101.6 9.1 100.8 100.6
Codeine 1035 107.6 103.2 102.4
Methadone 107.6 1085 104.4 1005
Tramadol 103.8 98.5 100.4 99.6
O-Desmethyltramadol 989 100.5 98.1 995
Diazepam 97.6 101.7 103.2 96.7
Nordazepam 98.4 102.6 103.0 99.6
Oxazepam 98.7 98.1 100.0 97.0
Lorazepam 101.0 9.5 9.3 102.2
Bromazepam 95.3 101.1 97.1 100.3
Alprazolam 1009 105.1 101.8 97.2

Repeatability/intermediate precision (RSD %) (k = 4,n = 4,p = 3)

Calibration level (ng/ml)  Level 1 Level 2 Level 4 Level 5
THC 5.6/5.6 3.1/39 3.9/40 3271
THC-COOH 7.4/8.3 7272 4.5/4.5 5.7/5.7
Cocaine 7.8/7.8 4.0/7.0 7.0/7.0 3.6/6.3
Cocaethlyene 3.6/5.7 4.7/5.0 22/23 4.5/4.5
Benzoylecgonine 5.0/5.0 24/33 22/22 3.1/35
Amphetamine 7979 5.6/76 4.7/65 5.5/5.5
Methamphetamine 6.7/7.0 74774 4.0/5.7 6.5/55
MDA 4.6/5.6 4.8/7.7 3.0/30 3787
MDMA 5.2/6.9 6.8/6.8 4.8/4.8 6.4/4.7
Methylephenidate 3.6/4.1 4.1/56 3.1/8.7 3.8/3.8
Morphine 3979 3.7/3.7 2.2/22 1115
Codeine 7.2/8.4 5.3/6.3 5.0/6.2 28/4.8
Methadone 8.3/8.3 5.3/5.3 717 4.4/4.4
Tramadol 3.6/3.6 6.5/6.5 5.9/5.9 3.1/3.1
O-Desmethyltramadol 6.4/6.9 4.0/4.0 5.6/5.6 3.3/3.3
Diazepam 1.2/11.2 4.6/5.4 3.9/4.2 5.3/6.3
Nordazepam 3.8/4.2 3.1/3.2 22/22 1.9/22
Oxazepam 4.3/4.3 5.9/69 6.6/7.4 3.0/4.8
Lorazepam 84/110 5555 9.4/98 46/65
Bromazepam 11.6/11.6 3.7/38 3.6/3.6 2525
Alprazolam 9.0/9.0 5.2/56 7.07.0 3.8/4.2

Linearity (k = 4,n = 4,p = 3)

Range Slope R? Loa
(ng/mi) (ng/mi)
THC 1-20 1.0623 0.9928 1
THC-COOH 5-100 10188 09946 5
Cocaine 10200 10339 09933 10
Cocaethlyene 501000 09905 09970 50
Benzoylecgonine 50-1,000 09959 09980 50
Amphetamine 10200 1.0044 09937 10
Methamphetamine 10200 09711 09944 10
MDA 10200 09802 09967 10
MDMA 10200 09779 09934 10
Methylephenidate 10200 10046 09972 10
Morphine 52000 10063 09995 5
Codeine 52000 10287 0992 5
Methadone 5-2,000 1.0077 0.9951 5
Tramadol 6-2,000 0.9966 0.9978 5
O-Desmethyltramacol 52000 09934 09977 5
Diazepam 52000 09688  0.9936 5
Nordazepam 52000 09969 09987 5
Oxazepam 52000 00707 09945 5
Lorazepam 20300 09921 09921 20
Bromazepam 20800 10032 09980 20
Alprazolam 5-100 09697 09948 5

Zolpidem 40-600 1.0019 0.9983 40
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Trueness (%) (k = 4;n = 4;p = 3)

Calibration level (ng/mi) 100 1,000 10,000 50,000
MDMA 102.7 1083 1090 1007
Cocaine 97.3 103.9 114.4 99.6

Repeatability/Intermediate precision (RSD%) (k = 4,n = 4, p = 3)
Calibration level (ng/mi) 100

1,000 10,000 50,000
MDMA 11.6/11.1  13.0/12.3 9.3/105 7.07.6
Cocaine 122137 102/116 59/76 4.3/39

Linearity (k = 4,n = 4,p = 3)

Range (ng/ml) Slope ~ RZ  Exactmass (m/z)
MDMA 100-50,000 10037 09913 1941176
Cocaine 100-50,000 09909 09966  304.1543
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Experiment Random order SLM solvent Buffer pH Buffer volume (1) Stirring time (min) Stirring rate (rpm)

1 14 Octanol 105 100 15 2,400
2 15 Octanol 95 500 15 2,400
3 Octanol 95 100 5 2,400
4 8 Octanol 105 500 15 1,200
5 5 Octanol 95 100 15 1,200
6 11 Decanol 95 500 5 2,400
7 1 Decanol 95 100 5 1,200
8 4 Decanol 105 500 5 1,200
9 6 Decanol 105 100 15 1,200
10 12 Octanol 105 500 5 2,400
1" 16 Decanol 105 500 15 2,400
12 3 Octanol 95 500 5 1,200
13 10 Decanol 105 100 5 2,400
14 7 Decanol 95 500 15 1,200
15 13 Decanol 95 100 15 2,400

16 2 Octanol 105 100 5 1,200
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Compound

Cocaine

BZE

Methamfetamine

Morphine

Morphine

Amphetamine

MDMA

Methamfetamine

OH-Meth

Cocaine

BZE"
Cocaethylene

Cocaine

BZE
Amphetamine
MDA
Methamfetamine
MDMA
Ephedrine
Codeine
Dinhydrocodeine
Morphine
Methadone
EDDP
Ketamine
Fentany!

Cocaine
BZE

Amphetamine
Methamfetamine

Sampling
rates, Rs
(Ld ™) (days
or average)

0.096 (av.
14 days); 0.087
(av. 28 days)
0.039 av.
14 days); 0.033
(av. 28 days)
0.026 (av.
14 days); 0.026
(av. 28 days)
0.023 (av.
14 days); 0.021
(av. 28 days)
0.044
(14 days);
0.035 (av.
31 days)
0.125
(14 days);
0.004 (av. 31
days)
<0.097
(14 days);
<0.118 (av. 31
days)
0.128
(14 days);
0.102 (av. 31
days)
0.070
(14 days);
0053 (av. 31
days)
0.186
(14 days);
0.150 (av.
31 days)
0.083 (14 days)
0.137
(14 days);
0.112 (av.
31 days)
0.130 + 0036
0.134 £ 0011
0201 + 0038
0.288 + 0021
0.231 £ 0.025
0222+ 0013
0.123 + 0039
0.394 + 0049
0.110 £ 0041
0261 + 0036
0.408 + 0.147
0532 + 0193
0.197 £ 0007
0.390 + 0051

0.13
0.13

0.26
0.22

POCIS calibration

In situ

In situ

Static laboratory-based
calibration experiment, for
8 days

Bench-scale experiments.
vith static exposure, for
3days

Laboratory experiments
conducted at water
temperatures close to those
in the cave systems

(ie. 26-28C)

Calculated theoretical
uptake rates

POCIS
type

Pharm-
POCIS
(HLB
220 mg)

Pharm-
POCIS
(HLB
200 mg)

Pharm-
POCIS
(HLB
200 mg)

Pharm-
POCIS
(HLB
200 mg)
Pharm-
POCIS
(HLB)

Pharm-
POCIS
(HLB
200 mg)

POCIS sampling time

POCIS (n = 3) was
replaced every
2 weeks during a

2 year-long period
monitoring

POCIS (n = 3) was
replaced every

2 weeks over a year-
long period monitoring

POCIS was deployed
over atwo-week period

POCIS (0 =3, per
location) was deployed
over a 2-week period

POCIS (n = 3) was
retrieved 28-32 days
after deployment
(depending on the site)

POCIS was deployed
for a 7-day exposure
period, at each
sampling location

Estimation
of drug
use using
POCIS

Yes

Yes

No

No

No

No

Sampling site

WWTP in Oslo, Norway

'WWTP in Oslo, Norway

WWTPs in Ontario and
Quebec, Canada

VWP, at sites in the
Grand River and in the
DWTP in Ontario,
Canada

5 sites in flooded cave
systems along the
Caribbean coast of the
Yucatan Peninsula in
Mexico

WWIPs at Lincoln,
Grand Island,
Columbus, Hastings,
and Omaha, in
Nebraska, USA

References

Baz-Lomba
etal. (2017)

Harman et al.
(2011)

Yargeau et al.
(2014)

Rodayan et al.
(2016)

Metcalfe et al.
(2011)

Barteft-Hunt
et al. (2009)

BZE, benzoylecgonine; DWTP, drinking water treatment plant; EDDP, 2-ethyiidene-1,5-dimethyl-3,3-diphenylpyrrolicine; MDMA, 3,4-methylenedioxy-N-methylamphetamine; OH-Meth,
hydroxymethamphetamine; THC-COOH, 11-nor-9-carboxy-THC: WBE, wastewater-based epidemiology; WWTP, wastewater treatment plant.
Uptake not linear after 14 days.
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Compound

Cocaine

Crack
Amphetamine

Metamphetamine

MDMA

MDEA
Heroine

Morphine
Codeine

THC

Ketamine

Phencyclidine
Methadone

Mephedrone
Mescaline

Ephedrine

Biomarker

BZE

Cocaine

EME

NBZE
Norcocaine
AEME
Amphetamine

Metamphetamine

Amphetamine
Norephedrine
MDMA

HMMA
MDEA
Heroin
Morphine

6-MAM
Normorphine
Codeine

Norcodeine
THCCOOH

Ketamine
Norketamine
Phencyciidine
Methadone

EDDP

Mephedrone
Mescaline
Ephedrine

Excretion
rate
of the
biomarker
(%)

45

38
35
35
30.07
30
29

29
75
1.63
15
0.95
0.087
0.19
36
30

43

39
33
227
55
5.0

26
225
203

20

15
18.2

19

0.025

55
425

42

42
13

0.5

63.8
30
5.1
25
0.6
0.6

0.5
20
23

16
16
10
27.8
275
55
25
25
246
23
13
15.4
57.5
75

Molecular
weight
ratio between
drug and
biomarker

1.05

1.05
1.05
1.10
1.05
1.05
1.05

1.05
1.00
1.00
152
1.10
1.05
1.67

1

1

0.99

[~ P—

1.29
129
129

1.29
113

113
1.05

1.05
0.91
091
0.91

0.91

1.06
1.06
1.06

1.06
1.12
0.82
1.06
112
0.82

1

1

1

Correction

factor
M

233

277
3.0
3.14
3.49
3.50
3.59

362
13.33
656.36
1020

11579
2,837.84
87895
277
3.33

233

2.56
4.06
441
20.1
19.7
1.64

3.85
4.44
4.93
5.0
6.67
5.0
5.26
4,000
235
3.04
3.07

30.71
86.92

226
21.0
1.57
3.33
2059
36.4
100
162

182
5.0
4348
26.50
65
66.25
10
3.60
3.64
1.93
3.6
3.28
431
4.87
6.31
6.5
1.74
1.33
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Stability

Autosampler Benchtop Freeze-thaw Short term
(5°C, 24h) (Room Temp, 6 h) (~20°C, 3 cycles) (~20°C, 1 week)
Low (CV%)  High(CV%) Low(CV%) High(CV%) Low(CV%)  High(CV%) Low(CV%)  High (CV%)

THC 100% (13) 93% (3) 92% (7) 95% (5) 108% (1) 98% (2) 99% (17) 98% (4)
THC-COOH 103% (7) 97% (4) 106% (8) 97% (8) 100% (1) 101% () 101% (7) 99% (2)
Cocaine 109% (7) 95% (6) 99% (12) 92% (7) 104% (10) 99% (6) 108% (12) 96% (7)
Cocaethlyene 107% (12) 96% (6) 99% (12) 92% (16) 93% (6) 95% (14) 88% (9) 94% (8)
Benzoylecgonine 102% (7) 95% (4) 97% (1) 97% (6) 99% (9) 98% (3) 104% (7) 95% (4)
Amphetamine 100% (3) 95% (11) 100% (6) 96% (8) 95% (2) 96% (8) 93% (2) 91% (6)
Methamphetamine 108% (15) 100% (9) 95% (11) 97% (14) 9% (7) 108% (5) 105% (21) 96% (12)
MDA 104% (13) 98% (6) 95% (5) 86% (8) 101% (1) 101% (7) 109% (21) 96% (7)
MDMA 108% (10) 98% (5) 101% (6) 97% (5) 106% (10) 104% (6) 108% (16) 96% (6)
Methylephenidate 109% (21) 106% (13) 106% (10) 92% (19) 105% (10) 106% (16) 109% (20) 108% (16)
Morphine 91%(2) 98% (4) 94% (8) 100% (14) 90% (7) 104% (4) 86% (8) 98% (3)
Codeine 108% (10) 104% (6) 97% (5) 106% (7) 104% (©) 110% (9) 103% (©) 105% (9)
Methadone 106% (6) 98% (17) 96% (6) 101% (14) 99% (6) 105% (5) 102% (4) 98% (3)
Tramacdol 108% (1) 98% (7) 102% (6) 100% (7) 98% (9) 105% (8) 100% (10) 98% (9)
O-Desmethyltramadol 9% (10) 101% (6) 98% (9) 101% (9) 99% (6) 106% (1) 96% (9) 94% (7)
Diazepam 104% (6) 97% (6) 101% (8) 88% (7) 90% (6) 96% (9) 102% () 90% (9)
Nordazepam 107% (4) 103% (4) 105% (7) 104% (3) 94% (7) 102% (6) 99% (7) 97% (5)
Oxazepam 102% (4) 99% (3) 96% (9) 95% (6) 86% (9) 107% (5) 113% (8) 109% (10)
Lorazepam 97% (16) 98% (6) 85% (7) 98% (11) 94% (10) 108% (6) 110% @) 106% (8)
Bromazepam 98% (10) 95% (4) 91% (3) 91% (6) 104% (17) 97% (3) 97% (7) 98% (4)
Alprazolam 106% (9) 97% (11) 96% (6) 90% (8) 99% (9) 95% (8) 104% (9) 100% (6)
Zolpidem 109% (10) 93% (9) 92% (8) 93% (10) 115% (10) 97% (6) 97% (7) 94% (6)
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Matrix effect and recovery

MElow  RElow  MEhigh  REhigh

eV %) eV %) (v %) eV %)
THC —51%(15)  78%(18)  —34%(16)  81%(12)
THC-COOH “T%(©  ST%(10)  -4%©@)  49%(4)
Cocaine ~25%(8)  92%(8)  —26%(8)  94%(10)
Cocaethlyene —27%(6)  91%()  -21%(6)  95%(9)
Benzoylecgonine —22%(4)  91%()  —19%@®)  92%(g
Amphetamine —10% (12)  96% (12) —13% (1) 86%(12)
Methamphetamine  —12% (1) 76%(10)  —18%(12)  75% (10)
MDA —32%(8)  106% (8  -22%(5)  89%(7)
MDMA —35%(10)  96% ()  —18%(®)  95%(7)
Methylephenidate —30%(8)  82%(17)  —25%(16)  81% (10)
Morphine —23%(Q)  96%(E)  —12%(4)  86%(17)
Codeine —27%(4)  96%(16)  —13%()  95%(7)
Methadone —21% (1) 94% (@)  —18%(10)  97%(9)
Tramadol —27%(10)  88%(17)  —15%(6)  82%(19)
O-Desmethyliamadol  —20% (14) ~ 81%(12)  —15%(8)  95% (13)
Diazepam —30%(5)  73%(E)  —10%(11)  67%(10)
Nordazepam 0% (1) 82% (9) —4%©)  86%(9)
Oxazepam ~18%(6)  86% ()  -5%(10)  82%(9)
Lorazepam ~T%(@) 8% () 3% (18) 95% (6)
Bromazepam —18%(Q)  96%(®)  —15%(10)  105%(7)
Alprazolam —4%(12)  81%(6) —1%@7)  84%(9)
Zolpidem —16%(7)  73%(15) —11%(13)  86% (12)





