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Abstract

Since their first appearance in 2008, synthetic cannabinoid receptor agonists (SCRAs)

remain the most popular new psychoactive substances (NPS) in the EU. Following

consumption, these drugs and their metabolites are urinary excreted and enter the

sewage system enabling the application of wastewater-based epidemiology (WBE).

Knowing the fate of target analytes in sewage water is essential for successful appli-

cation of WBE. This study investigates the stability of several chemically diverse

SCRAs and selected human metabolites under sewage conditions utilizing a combina-

tion of liquid chromatography–tandem mass spectrometry and high-resolution mass

spectrometry (HRMS). Target analytes included SCRAs with indole (5F-PB-22, PB-22

pentanoic acid), indazole (AMB-FUBINACA, 5F-ADB, 5F-ADB dimethylbutanoic

acid), carbazole (MDMB-CHMCZCA, EG-018), and γ-carboline (Cumyl-PeGaClone)

chemical core structures representing most of the basic core structures that have

occurred up to now. Stability tests were performed using wastewater effluent con-

taining 5% activated sludge as inoculum to monitor degradation processes and for-

mation of transformation products (TPs). The majority of investigated SCRAs,

excluding the selected human metabolites, was recalcitrant to microbial degradation

in sewage systems over a period of 29 days. Their stability was rather controlled by

physico-chemical processes like sorption and hydrolysis. Considering a typical

hydraulic in-sewer retention time of 24 h, the concentration of AMB-FUBINACA

decreased by 90% thus representing the most unstable SCRA investigated in this

study. Among the 10 newly identified TPs, three could be considered as relevant

markers and should be included into future WBE studies to gain further insight into

use and prevalence of SCRAs on the drug market.
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1 | INTRODUCTION

New psychoactive substances (NPS) are compounds designed to

mimic effects of established illicit drugs often being traded as “legal”
alternatives, mostly via online shops. Over the last decade, NPS seem

to have established their own market increasing the complexity of

narcotic products. Although the number of NPS reported to the Early

Warning System of the European Monitoring Centre for Drugs and

Drug Addiction (EMCDDA) currently decreases (53 newly introduced

NPS in 2019) in comparison with the peak times (100 new substances

each year in 2014–2015), the availability of products remains high

due to the high dynamics in the NPS market.1 The decrease in the

number of newly monitored NPS may reflect the legal response intro-

duced in many countries across Europe to control NPS, including the

commencement of the German new psychoactive substance act

(NpSG) in 2016, as well as legal changes to restrict production in

source countries, such as China. Simulants and synthetic cannabinoid

receptor agonists (SCRAs) represent predominant groups of NPS in

terms of the vast majority of the substances identified on the global

market, whereas continuous and persistent prevalence of SCRAs use

was noted in toxicology cases associated with high rates of fatalities

worldwide.2,3

Estimating community prevalence and consumption of NPS poses

a great challenge since confiscation data, medical reports, and toxicol-

ogy data might only capture a smaller portion of the population with a

representative spectrum of NPS products. A promising complemen-

tary tool to estimate NPS use at population level is wastewater-based

epidemiology (WBE). This approach is based on chemical analysis of

target residues in urban wastewater, which can be used to calculate

corresponding drug loads normalized to the catchment population.4

This provides objective estimation of market prevalence and con-

sumption trends with potential to detect local and temporal patterns

of drug use. Several studies concerning the estimation of NPS in

wastewater have been performed at different time and geographical

scales.5–19 The vast majority of reported studies mostly identified syn-

thetic cathinones in urban sewage water, with only few positive find-

ings for SCRAs.5,7,13,16,17 The determination of NPS in sewage is

related to greater challenges in comparison with the established illicit

drug groups, because the expected NPS loads are rather low due to

the distribution of consumption over higher numbers of individual

compounds and due to the typically lower effective single doses con-

sumed in comparison with classic drugs such as cocaine or

amphetamine-type stimulants (ATS). The dynamic nature of NPS mar-

ket and limited availability of reference standards represent a chal-

lenge for analytical methodologies, which must keep pace with the

continuous appearance of new substances. There are also some gen-

eral factors associated with uncertainties that need to be addressed

for full application of WBE approach, for example, human NPS metab-

olism and pharmacokinetic data, as well as stability of potential drug

biomarkers in wastewater.20 The metabolism of SCRAs has been stud-

ied in more detail,21–27 but the stability of parent substances and the

corresponding metabolites in wastewater is unknown. Additionally,

transformation processes during residence time in sewers need to be

examined to address potential target substances for chemical analysis.

McCall et al.28 summarized the current knowledge regarding the in-

sample (sample preparation, preservation, and storage) and in-sewer

(during transport in real sewers) stability of common illicit drugs in

urban wastewater, however, lacking any published data on SCRAs.

Recently published data focused on the investigation of biotransfor-

mation products of selected synthetic cathinones and phe-

nethylamines in sewage water.29,30

The present work aims to expand the sewage stability data to a

range of SCRAs belonging to different chemical subclasses rep-

resenting most of the core structures that have occurred up to now:

indoles, indazoles, carbazoles, and γ-carbolines. Additionally, four dif-

ferent types of side chains at the nitrogen atom of the core structure

as well as two different linkers (carboxamide and less stable carboxyl-

ate) and five different linked residues are represented in the sample

pool. Furthermore, some of the target substances (5F-ADB, Cumyl-

PeGaClone, 5F-PB-22, AMB-FUBINACA; Table 1) represent highly

prevalent SCRAs in Europe at the time period of the study. Besides

the parent compounds, two selected metabolites (5F-ADB

dimethylbutanoic acid and PB-22 pentanoic acid; Table 1) have been

the objective of this study. Urinary marker metabolites play an essen-

tial role as consumption indicators because SCRAs are usually exten-

sively metabolized.34 However, the detection of parent compounds in

urine was also demonstrated, either using a sensitive analytical

method35 or comprising certain compounds,36–38 among other 5F-

ADB.25

Besides urinary excretion, disposal of SCRAs in their solid form,

or as herbal or liquid incense into the sewage system, is also a con-

ceivable input source because illegal designer drug facilities dealing

with preparation (e.g., spraying SCRA solutions on herbal material

such as Damiana) and packaging of herbal blend mixtures containing

SCRAs are frequently located in Europe. An example for direct

disposal of illegal classic drugs into the sewage system by

clandestine drug laboratories were the excessively high mass loads of

3,4-methylenedioxymethamphetamine (MDMA) in wastewater of

Utrecht in the Netherlands, which was clearly attributable to non-

consumed MDMA via enantiomeric profiling.39 This example confirms

that not only human metabolites but also parent drugs represent rele-

vant target analytes for stability studies in wastewater. In this context,

the investigation of transformation reactions of parent SCRA

compounds in wastewater and the comparison of identified
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transformation products (TPs) with known urinary metabolites can

address the important question whether the biotransformation condi-

tions in the sewage system promote similar degradation pathways as

the human body.

In this manner, the present study demonstrates the first compre-

hensive stability data for SCRAs and some of their human metabolites

in urban wastewater, additionally also providing the information on

formed TPs, which can be useful for future WBE applications to gain

further insight into use and prevalence of NPS on the drug market.

2 | EXPERIMENTAL

2.1 | Chemicals and materials

SCRAs methyl (2S)-2-[1-(5-fluoropentyl)-1H-indazole-3-carbo-

xamido]-3,3-dimethylbutanoate (5F-ADB), 2,5-dihydro-2-(1-methyl-

1-phenyl-ethyl)-5-pentyl-1H-pyrido [4,3-b]indol-1-one (Cumyl-

PeGaClone), quinolin-8-yl 1-(5-fluoropentyl)-1H-indole-3-carboxylate

(5F-PB-22), methyl (2S)-2-[1-(4-fluorobenzyl)-1H-indazole-

3-carboxamido]-3-methylbutanoate (AMB-FUBINACA), methyl

(2S)-2-(9-(cyclohexylmethyl)-9H-carbazole-3-carboxamido)-3,3-dimethyl-

butanoate (MDMB-CHMCZCA), and naphthalene-1-yl(9-pentyl-9H-

carbazol-3-yl)methanone (EG-018) were provided by the Federal

Criminal Police Office (Forensic Science Institute, Wiesbaden,

Germany), either dissolved in acetonitrile (5F-ADB, 5F-PB-22,

MDMB-CHMCZCA, EG-018, AMB-FUBINACA) or methanol (Cumyl-

PeGaClone) at a concentration level of 10 mg/ml. Both metabolites,

(2S)-2-[1-(5-fluoropentyl)-1H-indazole-3-carboxamido]-3,3-dimethyl-

butanoic acid (5F-ADB dimethylbutanoic acid) and 5-(3-((quinolin-

8-yloxy)carbonyl)-1H-indol-1-yl)pentanoic acid (PB-22 pentanoic

acid), were supplied by Cayman Chemicals (Ann Arbor, MI, USA) as

5 mg/ml solution in acetonitrile and as 1 mg powder, respectively.

Internal standard (ISTD) included 10-naphtoyl indole provided by the

TABLE 1 Selected SCRAs and two corresponding human metabolites with their chemical names, abbreviations and chemical structures.
AMB-FUBINACA, 5F-ADB and MDMB-CHMCZCA are assumed to be present as (S)-enantiomers31–33

Name Abbreviation Chemical structure Name Abbreviation Chemical structure

Quinolin-8-yl

1-(5-fluoropentyl)-1H-

indole-3-carboxylate

5F-PB-22 Methyl (2S)-

2-[1-(4-fluorobenzyl)-1H-

indazole-3-carboxamido]-

3-methyl-butanoate

AMB-

FUBINACA

5-(3-((Quinolin-8-yloxy)

carbonyl)-1H-indole-

1-yl)pentanoic acid

PB-22

pentanoic

acid

2,5-dihydro-2-(1-methyl-

1-phenyl-ethyl)-5-pentyl-

1H-pyrido[4,3-b] indol-

1-one

Cumyl-

PeGaClone

Methyl (2S)-

2-[1-(5-fluoropentyl)-

1H-indazole-

3-carboxamido]-

3,3-dimethyl-butanoate

5F-ADB Methyl (2S)-

2-(9-(cyclohexylmethyl)-

9H-carbazole-

3-carboxamido)-

3,3-dimethyl-butanoate

MDMB-

CHMCZCA

(2S)-2-[1-(5-fluoropentyl)-

1H-indazole-

3-carboxamido]-

3,3-dimethyl-butanoic

acid

5F-ADB

dimethyl-

butanoic

acid

Naphthalene-1-yl(9-pentyl-

9H-carbazol-3-yl)

methanone

EG-018
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Federal Criminal Police Office as 1 mg/ml solution in methanol.

Ultra liquid chromatography–mass spectrometry (LC-MS) grade

acetonitrile and methanol were purchased from Carl Roth

(Karlsruhe, Germany) and Riedel-de Haёn (Seelze, Germany), respec-

tively. Formic acid (>98%, p.a.) and sodium benzoate (≥99.0%) were

supplied by Carl Roth (Karlsruhe, Germany), whereas ammonium

formate (for mass spectrometry, ≥99.0%) was provided by Sigma

Aldrich (Steinheim, Germany). Ultrapure water was produced by a

Simplicity® UV water purifier system (18.2 MΩ) from Merck

Millipore (Burlington, USA). If not stated differently, this water was

used for preparation of solutions and dilutions. Regenerated

cellulose filters (0.2 μm, Spartan®) for wastewater filtration were

obtained from Carl Roth (Karlsruhe, Germany), whereas single-use

syringes and disposable hypodermic needles (0.80 � 40 mm

and 0.80 � 120 mm, Sterican®) were purchased from B. Braun

(Melsungen, Germany).

2.2 | Stock and working solutions preparation

PB-22 pentanoic acid stock solution was prepared by dissolving 1 mg

of the solid substance in 0.2 ml acetonitrile resulting in the concentra-

tion of 5 mg/ml. Working ISTD solution of 10-naphtoyl indole

(10 μg/ml) was obtained by appropriate dilution of the stock solution

in methanol. Mixed standard solution comprising all the SCRAs and

their metabolites was prepared in acetonitrile at a concentration of

10 μg/ml. All the substance stock and working solutions of SCRAs,

their metabolites, and ISTD were stored at �26�C.

2.3 | Biotransformation experiments

Biotransformation experiments were performed with an inoculum

consisting of 95% wastewater treatment plant (WWTP) effluent and

5% activated sludge (w/w), both taken from the municipal WWTP

Beuerbach (Hesse, Germany). Wastewater samples were collected in

amber glass bottles in November 2018. The stability of the selected

SCRAs in the investigated wastewater inoculum was assessed using

laboratory scale die-away experiments under aerobic conditions, at

ambient temperature (20�C–25�C), under exclusion of light, and

at the original pH of the wastewater (7.47 at 23.7�C). Analytes were

spiked at a concentration of 10 μg/ml or 5 μg/ml, and a separate

sterile control (sterilized with 5 g/L sodium azide) was prepared for

each analyte. The analyte concentration of 5 μg/ml was applied for

the two selected SCRA metabolites. Three separate replicates were

prepared for each active and nonactive assays. The bioactivity of the

inoculum was controlled with sodium benzoate (100 mg/L), which

was used as a representative substance due to its known transforma-

tion rate under microbial activity conditions (100% degradation within

6 days). Two blanks were prepared without the addition of the active

test substance to the inoculum but comprised methanol and

acetonitrile, respectively, because these solvents were used in the

stock solutions.

Samples were collected over a period of 29 days including fre-

quent sampling intervals at the beginning of the experiment (0, 4,

18, 24, and 48 h), later every 2 days (4th, 6th, 8th, and 10th day),

then every 3–4 days (13th and 17th day), and in the last phase every

6 days (23rd and 29th day). Each sampling (600 μl) was followed by

the addition of the equal amount of acetonitrile (600 μl) in order to

suppress the residual bioactivity and inhibit further degradation of the

substance. Subsequently, the samples were vortexed and frozen at

�26�C until analysis.

Sample preparation for LC-ESI-MS/MS analysis comprised filtra-

tion (0.2 μm, regenerated cellulose filters) and dilution of the filtered

sample with ultrapure water/methanol at the ratio 80/20 resulting in

the end concentration of 800 ng/ml for EG-018 and MDMB-

CHMCZCA, and 100 ng/ml for the remaining SCRAs and the metabo-

lites. Prior to the LC-ESI-MS/MS analysis, ISTD was added resulting in

the end concentration of 100 ng/ml in each sample. For 5F-ADB,

5F-ADB dimethylbutanoic acid, 5F-PB-22, and PB-22 pentanoic acid

(excluding the nonactive assay in the last case), analyses including

active and nonactive assays were performed in triplicate. For the

residual selected SCRAs, measurements were performed in single

determination.

2.4 | Instrumentation and analytical conditions

2.4.1 | LC method

The chromatographic separation was achieved on a XSelect HSS T3

(50 � 2.1 mm, 3.5 μm, 100 Å pore size, Waters) analytical column

equipped with a guard column (XSelect HSS T3 VanGuard Cartridge,

5 � 2.1 mm, 3.5 μm, 100 Å) at a constant flow of 0.3 ml/min. The

mobile phase consisted of ultrapure water with 5 mmol ammonium

formate, pH 3 (A), and methanol with 5% ultrapure water and 5 mmol

ammonium formate, pH 3 (B). The applied gradients are shown in

Table S1. The autosampler and column temperatures were not con-

trolled, and the injection volume was set to 20 μl.

2.4.2 | LC-ESI-MS/MS method

The chromatograph, a PerkinElmer Series 200 (PerkinElmer, Waltham,

Massachusetts) equipped with an autosampler, two pump modules,

and a vacuum degasser was coupled to a 3200 QTrap (Sciex,

Darmstadt, Germany) triple quadrupole linear ion trap mass spectrometer

equipped with an electrospray interface (Turbo Spray) operating in

positive ESI polarity (ESI+). For chromatographic separation, the liquid

chromatography method described above was used. Quantification of

target compounds was carried out in multiple reaction monitoring

(MRM) mode using two MRM transitions per compound. The tempera-

ture of the TurboIonSpray® probe was set to 500�C, curtain gas to

25 psi, “ion source gas 1” to 55 psi, “ion source gas 2” to 65 psi, and

the ion spray voltage was set to +5500 V. Detailed settings

and parameters are given in Table S2. Operation and data acquisition
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mode was carried out with the Analyst Software, version 1.5.1, and

data evaluation was performed with MultiQuant 3.0.2 (both Sciex,

Darmstadt, Germany).

2.4.3 | LC-ESI-HRMS method

LC-ESI-HRMS analysis was performed with a 1200 Agilent Series

HPLC (Agilent Technologies, Waldbronn, Germany) coupled with an

Orbitrap Velos Pro that was equipped with a heated electrospray ioni-

zation (H-ESI II) ion source (both Thermo Scientific, Bremen,

Germany). Chromatographic separation was achieved with the liquid

chromatography method described previously; however, the flow rate

and injection volume were changed to 0.2 ml/min and 50 μl, respec-

tively. The HRMS method consisted of two alternating scan events: a

survey scan in a range of m/z 100 to 1000 with a nominal resolution

of 100,000 at m/z 400 and a data-dependent HCD (higher collisional

energy dissociation) MS/HRMS scan (nominal resolution 7500 at m/z

400) of the three most intense ions. The signal of protonated dibutyl

phthalate (m/z 279.1591) was used as lock mass to enhance mass

accuracy. Additional details about the Orbitrap method are shown in

Table S3. Peak picking was either performed manually with Thermo

Xcalibur (Version 4.0.27.21, Thermo Scientific, Bremen, Germany) or

automatically with enviMass40 (Version 3.5, enviBee, Switzerland).

2.4.4 | Method validation

The LC-MS/MS method was validated by determination of the linear-

ity of calibration, instrumental limit of detection (ILOD), instrumental

limit of quantification (ILOQ), filtration recovery, matrix effect, and

precision. Matrix effects and filtration recoveries were evaluated in

inoculum at 100 ng/ml, which represented the concentration level for

LC-MS/MS stability profile analysis for most of the targeted sub-

stances. More details on the determination of the validation parame-

ters are shown in the Supporting Information.

3 | RESULTS AND DISCUSSION

3.1 | Method validation

The validation parameters for each substance are reported in

Table S4, with linear correlation coefficients of the obtained eight-

point calibration curves being higher than 0.997 for all compounds.

The calculated matrix effects (n = 4) ranged between �2.7% and

8.3%, whereas positive values indicate ion enhancement and negative

values ion suppression. Filtration recoveries (n = 4) in inoculum were

satisfactory for almost all compounds, varying between 72% and

100%, except for EG-018 and MDMB-CHMCZCA, the two most non-

polar substances, with recoveries of 11% and 26%, respectively.

Because similar recoveries were also observed after filtration in ultra-

pure water (Table S4), the observed analyte loss can be attributed to

the interaction with the filter material and not to sorption to the par-

ticulate fraction of inoculum. Overall method intraday precision

(n = 6) was evaluated in the examined inoculum (WWTP effluent/

activated sludge, 95/5, v/v) at two different concentration levels

(20 and 100 ng/ml) as relative standard deviations (RSDs), which were

lower than 19.9% for all analytes.

3.2 | Stability profiles of SCRAs and selected
human metabolites

3.2.1 | 5F-PB-22 and PB-22 pentanoic acid

5F-PB-22 and its nonfluorinated analog, PB-22, represent the first

marketed SCRAs containing an ester linkage group instead of the

common carbonyl and carboxamide linkages. This structural feature

was particularly interesting for the stability assessment under sewage

conditions because ester bonds are unstable and hydrolysis suscepti-

ble. Wohlfarth et al.29 have shown an extensive ester hydrolysis of

5F-PB-22 in human hepatic metabolic profiles and identified ester

hydrolysis as well as oxidative defluorination as the predominant met-

abolic transformation pathways for 5F-PB-22 in humans. In sewage

environment, 5F-PB-22 was equally transformed by approximately

50% after 29 days both in the active and nonactive assays (Figure 1,

left) ruling out most likely biodegradation.

3.2.2 | 5F-ADB, 5F-ADB dimethylbutanoic acid,
and AMB-FUBINACA

Figure 2 shows the stability profiles of 5F-ADB, its human metabolite

5F-ADB dimethylbutanoic acid, and AMB-FUBINACA. 5F-ADB

showed transformation in both assays; however the degradation in

the active assay was increased in comparison with the nonactive

assay. As from the chemical structure, ester or amide hydrolysis and

ß-oxidation after oxidative defluorination are likely to occur.

The relative concentration of AMB-FUBINACA decreased in both

assays rapidly by 90% within the first 24 h (Figure 2, below).

3.2.3 | Cumyl-PeGaClone, MDMB-CHMCZCA, and
EG-018

The stability profiles of Cumyl-PeGaClone (γ-carboline core structure),

MDMB-CHMCZCA, and EG-018 (carbazole core structure) are shown

in Figure S1. Cumyl-PeGaClone and EG-018 showed minor primary

degradation and can be regarded as stable. The stability of both sub-

stances might be related to their comparatively lipophilic chemical

structures characterized by low susceptibility to hydrolysis or biologi-

cal degradation. MDMB-CHMCZCA showed a fast primary degrada-

tion in the first 24 h in the active assay, and the substance was stable

afterwards. In the nonactive assay, a constant decrease of MDMB-

CHMCZCA was observed during 29 days.
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3.2.4 | Identification of TPs

5F-PB-22, PB-22 pentanoic acid, 5F-ADB, 5F-ADB dimethylbutanoic

acid, and AMB-FUBINACA showed primary transformation in their

stability tests. Thus, the identification of their TPs was attempted with

HPLC-(ESI+)-HRMS. The identification strategy utilized for all TPs is

exemplarily discussed for PB-22 pentanoic acid.

The Xcalibur and enviMass software were used to search for the

calculated masses of predicted PB-22 pentanoic acid TPs (Table S5)

and additional signals that were neither present in an inoculum blank

nor in a sterile control. This led to the detection of m/z 361.1184

(C21H17O4N2
+, Δ1.24 ppm, isotopic pattern [Table S6] fitting), which

was consistent with an oxidation of PB-22 pentanoic acid. The isoto-

pic pattern fitting of m/z 361.1184 as well as the proposed fragmen-

tation pathway obtained from MS/HRMS data (Figure S2) with

comparison to the MS/HRMS data of PB-22 pentanoic acid

(Figure S3 and Table S7) resulted in the proposed structure of TP

361 in Figure 3. PB-22 pentanoic acid and TP 361 had a neutral loss

F IGURE 1 Stability profiles of 5F-PB-22 (left) and its human metabolite PB-22 pentanoic acid (right) showing concentrations relative to t0
(β/β0) during 29 days. LC-MS/MS analysis including active assay (indicated in green) and nonactive assay (indicated in orange) in this experiment
was performed in triplicate (n = 3), besides the nonactive assay of PB-22 pentanoic acid (n = 1); error bars indicate the standard deviation
[Colour figure can be viewed at wileyonlinelibrary.com]

F IGURE 2 Stability profiles of 5F-ADB (left), its human metabolite, 5F-ADB dimethylbutanoic acid (right), and AMB-FUBINACA (below)
showing concentrations relative to t0 (β/β0) during 29 days. LC-MS/MS analysis including active assay (indicated in green) and nonactive assay
(indicated in orange) in this experiment was performed in triplicate (n = 3); error bars indicate the standard deviation [Colour figure can be viewed
at wileyonlinelibrary.com]
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of 8-hydroxychinolin to m/z 244.0974 and m/z 216.0659, respec-

tively. Both fragments were further fragmented to m/z 144.0447 by

losing either the pentanoic or propanoic side chain, confirming the

proposed structure of TP 361. TP 361 was formed by ß-oxidation of

the pentanoic acid side chain to a propanoic acid side chain and only

observed in the active assay. The identification of TP 361 was ful-

filled at identification level 2 according to the classification scheme

proposed by Schymanski et al.,41 because the probable structure

could be proposed by diagnostic evidence and experimental data. A

reference standard for this TP was not commercially available, and

thus, neither a final confirmation of the structure nor accurate quan-

tification was possible. Thus, the TP formation was assessed under

the assumption of a similar ESI response of the TP and its precursor.

During the evaluation of TP 361, in-source fragmentation was

observed. EnviMass showed a formation process of m/z 216.0658

that possessed an identical retention time and peak shape and a simi-

lar fragmentation pathway to TP 361 (m/z 216.0658 is part of the

proposed fragmentation pathway of TP 361). Hence, the sum of both

signals was used to assess the TP formation (Figure S4). TP

361 reached its maximum concentration after 8 days where it was

estimated at 55% of the initial PB-22 pentanoic acid concentration

(Figure S5).

Following this procedure, 10 TPs were tentatively

identified and are shown in Figure 3 with their apex concentration,

F IGURE 3 Degradation pathways,
transformation processes, maximum
formation percentage after certain days, and
identification confidence levels of TPs
originating from 5F-PB-22, PB-22 pentanoic
acid, 5F-ADB, 5F-ADB dimethylbutanoic acid,
and AMB-FUBINACA. Main TPs and their
pathways are indicated in bold [Colour figure
can be viewed at wileyonlinelibrary.com]
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the time until reaching this concentration, stability and

identification confidence level. The degradation and formation

curves, the proposed fragmentation pathways, and additional

HRMS data (mass accuracy ≤2 ppm, isotopic pattern fitting, pro-

posed fragmentation pathway) are shown in Figures S6–S20 and

Tables S8–S18.

5F-PB-22 seemed to be recalcitrant and the identified transfor-

mation processes including ester hydrolysis as abiotic process (non-

active assay) and oxidative defluorination followed by β-oxidation as

biotic process (active assay) were represented only in minor amounts

(Figure 3). Contrary, the human metabolite PB-22 pentanoic acid

showed primary biodegradation in the active assay but was stable

over the entire test period in the nonactive assay. The ongoing biotic

transformation processes could be explained by ß-oxidation of the

pentanoic acid chain of PB-22 pentanoic acid (TP 361, 55% formation

after 8 days; Figure 3).

The most significant TP found for 5F-ADB was formed abioti-

cally via ester hydrolysis (TP 364, approx. 12% after 29 days;

Figure 3). Ester hydrolysis also corresponds to the most abundant

metabolic pathway of 5F-ADB in humans.25 The stability profile of

the corresponding metabolite, 5F-ADB dimethylbutanoic acid,

showed primary degradation in the active assay but a constant con-

centration in the nonactive assay. Several TPs of minor formation

percentage could be identified (Figure 3). Similarly like for 5F-PB-22

and PB-22 pentanoic acid, the human metabolite was again more

prone to biodegradation if compared with its parent compound. Fur-

ther, by comparison of biotransformation kinetics for the both inves-

tigated metabolites in this study (Figure 1 right, and Figure 2 right

above), the carboxylic group placed on tert-butylacetic acid moiety

of 5F-ADB dimethylbutanoic acid was less prone to the impact of

microbial degradation as opposed to the carboxylic group at pentyl

chain moiety of PB-22 pentanoic acid. The β-oxidation process in

the latter case seems to occur with a high rate in sewage

environment.

AMB-FUBINACA yielded two TPs being result of ester hydroly-

sis (TP 370, approximately 20% formed after 4 days), which was

followed by amide hydrolysis (TP 271, approximately 8% formed

after 8 days), both occurring as abiotic transformation processes

(Figure 3). Ester hydrolysis was also found to be one of the preva-

iling human metabolic pathways, whereas amide hydrolysis present

in sewage was not a metabolic reaction in human liver microsome

system.26 In addition to the two identified TPs, further factors are

required to explain the observed concentration decrease of AMB-

FUBINACA. Comparing the molecular structures of AMB-FUBINACA

and 5F-ADB, its closest analog among the selected SCRAs, the main

difference consists in the fluorobenzyl versus a 5-fluoropentyl side

chain. Because no pronounced physico-chemical processes, at least

not at such a fast rate as for AMB-FUBINACA, have been

observed for 5F-ADB, the fluorobenzyl side chain remains the most

probable reason for the concentration decrease either due to strong

hydrophobic interactions with the glassware and/or inoculum

particles, or due to susceptibility to chemical processes linked to this

moiety.

4 | CONCLUSION

In order to simulate optimal conditions to investigate the biodegra-

dation of SCRAs in the sewage system, wastewater effluent and

sludge were used for laboratory scale die-away experiments of six

selected SCRAs and two of their human metabolites. Analytical

methods including LC-MS/MS and LC-MS/HRMS were successfully

applied for the determination of the corresponding stability profiles

and for the identification of potential TPs. The results of the study

indicate that the majority of the selected SCRAs (5F-ADB, 5F-PB-

22, Cumyl-PeGaClone, MDMB-CHMCZCA, and EG-018) are suitable

sewage biomarkers, except for AMB-FUBINACA due to its fast

transformation rate in sewage. Similar transformation kinetics of

active and nonactive assays suggest that physico-chemical processes

such as hydrolysis or sorption dominate the fate of these SCRAs in

wastewater. The investigated metabolites, 5F-ADB dimethylbutanoic

acid and PB-22 pentanoic acid, can also be considered as suitable

biomarkers for WBE studies; however, they exhibit greater suscepti-

bility to microbial degradation than the respective parent SCRAs.

Metabolic processes in humans like oxidative defluorination of 5F-

PB-22 to carboxylic acid (PB-22 pentanoic acid) seem to be a deci-

sive point for a pronounced biological degradation in wastewater

environment. Hydrolysis of the terminal groups as a common meta-

bolic reaction for SCRAs leads to formation of metabolites having a

terminal carboxyl group, for example, 5F-ADB dimethylbutanoic acid.

These compounds were also identified as TPs in wastewater imply-

ing no possibility to discriminate between consumption and dis-

charge in the course of clandestine manufacture of related designer

drug products as input sources if these biomarkers are used. The

presented stability data can serve as a starting point for implementa-

tion of a sewage-epidemiologic study on the prevalence of SCRAs

abuse and SCRAs replacement timelines. Apart from the parent sub-

stances, three TPs were determined that should be included in the

target list for WBE studies (TP 361 from PB-22 pentanoic acid, TP

364 from 5F-ADB, and TP 370 from AMB-FUBINACA). These TPs

will complement results based on their corresponding SCRA

analytes.
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