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ABSTRACT
Wastewater (WW)-based epidemiology (WBE) is a powerful tool for screening and surveillance of drugs (of abuse) or new psy-
choactive substances (NPSs) in larger population. Since the drug market changes frequently, it is crucial for WBE to define 
screening and surveillance biomarkers considering drug metabolism and (microbial) stability. The aims of the presented work 
were first to identify metabolites, potentially serving as a WBE biomarker of five deschloroketamine derivatives (DCKDs) in rat 
feces samples after oral administration in addition to already known urinary metabolites, and second to elucidate the microbial 
biotransformation and WW stability of five DCKDs and their metabolites detected in urine and feces. Microbial biotransforma-
tion and stability of DCKD and their metabolites in WW were assessed by incubating parent compounds at 0.1 mg/L or rat urine 
or rat feces samples in freshly collected, untreated, influent WW over a period of 24 h. All samples were analyzed using liquid 
chromatography–high-resolution tandem mass spectrometry. All parent compounds, seven Phase I, and one Phase II metabolite 
were detected in rat feces samples. After WW incubations, all tested DCKD and their metabolites were still detectable at least in 
trace amounts, but particularly, peak areas of the Phase II N- and O-glucuronides showed a markable decrease. This is in line 
with previous findings where Phase II conjugates were identified to be unstable in WW and thus not recommended as a WW 
biomarker. Hence, incubations demonstrated that the five DCKD and most of their metabolites were sufficiently stable in WW 
influent and can thus be used as analytical targets in the context of WBE.

1   |   Introduction

Wastewater (WW)-based epidemiology (WBE) is used for pop-
ulation surveillance concerning their consumption of drugs, 
drugs of abuse, and new psychoactive substance (NPS) [1]. WBE 
provides the means to capture spatial, short- and long-term 
trends in a population without sampling individual patients 
[2, 3]. Furthermore, there are no limitations concerning under-
reporting or personal bias from participants as already observed 
for (online) surveys on drug use, which are a cheap and easy 
alternative to WBE [4, 5]. To date, a multitude of studies have 

been published in which WBE has been used to monitor drug 
consumption, e.g., the annual European-wide investigation by 
the sewage analysis CORe group-Europe (SCORE), which was 
first published in 2011 [6]. However, there are challenges in the 
development of bioanalytical methods used for such studies, 
including finding suitable biomarkers for monitoring drugs (of 
abuse) or NPS. Such biomarkers should fulfill various require-
ments. First, they should be specific for human consumption 
and allow to distinguish between actual consumption and 
disposal into WW [1, 5]. Second, they should not adsorb to the 
sewer line or filter materials used for sample (pre-) treatment. 
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Third, biomarkers should be stable in WW (in-sewer stabil-
ity), which includes hydrolytic stability and stability against 
biotransformation via microorganisms [5, 7]. Stability data of 
NPS and their biomarkers in WW are still scarce and need to 
be assessed by incubating them and their metabolites in WW or 
activated sludge [8–11].

Ketamine-derived NPSs are emerging on the drug market, 
with deschloro-N-ethyl-ketamine (2-Oxo-PCE) first reported 
in France in 2016 and deschloroketamine (2-Oxo-PCMe) first 
reported in the United Kingdom in 2015 [12, 13]. 2-Oxo-PCMe 
and 2-Oxo-PCE were already identified in human biosamples 
[14–17]. Though their metabolism and the metabolism of fur-
ther deschloroketamine derivatives (DCKDs) were partially de-
scribed in literature, no data concerning their excretion via feces 
in addition to urine after intake or their stability in WW are avail-
able [15, 18, 19]. Hence, this study aimed to investigate the ex-
cretion of the five DCKDs—deschloro-N-cyclopropyl-ketamine 
(2-Oxo-PCcP), 2-Oxo-PCE, deschloro-N-isopropyl-ketamine 
(2-Oxo-PCiP), 2-Oxo-PCMe, and deschloro-N-propyl-ketamine 
(2-Oxo-PCPr)—and their metabolites in rat feces samples after 
oral administration. The microbial biotransformation and WW 
stability of these DCKDs should be assessed by incubating 
parent solutions and DCKD metabolites in rat urine and feces 
samples, obtained after oral administration, using influent 
WW. Furthermore, suitable biomarkers for future WBE studies 
should be proposed.

2   |   Materials and Methods

2.1   |   Reagents and Materials

2-Oxo-PCcP hydrochloride, 2-Oxo-PCE hydrochloride, 
2-Oxo-PCiP hydrochloride, 2-Oxo-PCMe hydrochloride, 
2-Oxo-PCPr, rat urines, and feces were available from a pre-
vious study [15]. Acetonitrile (ACN), ammonium formate, hy-
drochloric acid (HCl), isopropanol, methanol (MeOH), sodium 
azide (NaN3), and all other chemicals were obtained from VWR 
International GmbH (Darmstadt, Germany). Trimipramine-d3 
and ketamine were obtained from LGC Standards GmbH 
(Wesel, Germany). Water was purified with a Millipore (Merck, 
Darmstadt, Germany) filtration unit, which purifies water to 
a resistance of 18.2 Ω × cm. Isolute HCX solid-phase extraction 
(SPE) cartridges (130 mg, 3 mL) were obtained from Biotage 
(Uppsala, Sweden). Fresh, untreated, influent WW was ob-
tained from the local WW treatment plant on days without prior 
rainfalls and directly used for incubations.

2.2   |   Pretest Blank Incubations of DCKDs

Blank incubations of parent compounds were performed ac-
cording to a previously published procedure [11] with minor 
changes as follows. DCKD parent solutions (0.1 mg/L) were 
incubated in purified water for 24 h at 22°C. The final volume 
at the start of each incubation was 4 mL. After 0 and 24 h, an 
aliquot (2 mL) of each sample was transferred into another re-
action tube, and 20 μL each of trimipramine-d3 as the internal 
standard (IS, 0.1 mg/L) and freshly prepared NaN3 (0.2%, w/v) 
were added. Samples were then vortexed and centrifuged for 

5 min at 18,407 ×g. Supernatants (100 μL) were transferred into 
autosampler vials, and 10 μL was injected onto the LC-HRMS/
MS system. All concentrations are final concentrations; experi-
ments were performed with 10 replicates per parent compound.

2.3   |   WW Incubations of DCKDs

Incubations of parent compounds were performed according 
to a previously published procedure [11] with minor changes 
as follows. DCKD parent solutions (0.1 mg/L) were incubated 
in freshly collected, untreated, influent WW for 24 h at 22°C. 
The final volume at the start of each incubation was 4 mL. After 
0 and 24 h, an aliquot (2 mL) of each sample was transferred 
into another reaction tube, and 20 μL each of trimipramine-d3, 
ketamine (0.1 mg/L each, IS), and a freshly prepared NaN3 solu-
tion (0.2%, w/v) were added. Samples were then vortexed and 
centrifuged for 5 min at 18,407 ×g. Supernatants (100 μL) were 
transferred into autosampler vials and 10 μL and injected onto 
the LC-HRMS/MS system. Control incubations were performed 
by addition of NaN3 (0.2%, w/v) at the start of the incubation, 
blank incubations were performed using purified water instead 
of WW. All concentrations are final concentrations, and all ex-
periments were performed in triplicates.

2.4   |   WW Incubation of Rat Urines After 
Administration of DCKDs

Incubations of rat urine samples after administration of DCKD 
were performed according to previously published procedures 
[1, 8] with minor changes as follows. Preconcentration of rat 
urine samples was done by the addition of 1 mL of MeOH to 
1 mL of rat urine, vortexing, centrifugation at 18,407 ×g for 
5 min, transfer of supernatants (0.9 mL) into another reaction 
tube, and evaporation to dryness under a gentle stream of nitro-
gen at 70°C. Samples were then reconstituted in 50 μL of WW or 
purified water (blank incubations). Preconcentrated rat urines 
were incubated in freshly collected, untreated, influent WW for 
24 h at 22°C. The final volume at the start of each incubation 
was 4 mL. After 0 and 24 h, an aliquot (2 mL) of each sample was 
transferred into another reaction tube, and 20 μL each of trim-
ipramine-d3, ketamine (0.1 mg/L each, IS), and a freshly pre-
pared NaN3 solution (0.2%, w/v) were added. Samples were then 
vortexed and centrifuged for 5 min at 18,407 ×g. Supernatants 
(100 μL) were transferred into autosampler vials, and 10 μL was 
injected onto the LC-HRMS/MS system. Control incubations 
were performed by the addition of NaN3 (0.2%, w/v) at the start 
of the incubation, and blank incubations were performed using 
purified water instead of WW. All concentrations are final con-
centrations, and all experiments were performed in triplicates.

2.5   |   Feces Extraction for the Detection 
and Identification of DCKDs and Their Metabolites

Based on a previous work by López-Rabuñal et al. [20], 0.25 g of 
feces was weighed into reaction tubes. Then, 10 μL of each trim-
ipramine-d3 and ketamine as IS (0.1 mg/L) and 1.5-mL MeOH 
were added. Samples were homogenized via ultrasonification 
for 30 min at room temperature and centrifuged for 5 min at 
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18,407 ×g. The supernatants were evaporated to dryness under 
a gentle stream of nitrogen at 70°C, and samples were reconsti-
tuted using 1 mL of purified water. Samples were then extracted 
via SPE according to a previously published procedure [21] with 
minor modifications as follows. Conditioning of HCX cartridges 
was performed with 1 mL of MeOH and 1 mL of purified water. 
Then, cartridges were loaded with 1 mL of samples, followed by 
washing using 1 mL of purified water, 1 mL of HCl (0.1 M), and 
2 mL of MeOH. Elution was performed using 1 mL of a MeOH/
NH3 mixture (35%, 98/2, v/v). Eluates were evaporated to dry-
ness under a gentle stream of nitrogen at 70°C, and residues 
were reconstituted in 50 μL of MeOH. A 10 μL aliquot of each 
sample was injected onto the LC-HRMS/MS system. Rat feces 
samples could only be extracted once per administered DCKD 
due to limited amounts of feces available.

2.6   |   WW Incubation of Rat Feces After 
Administration of DCKDs

Incubations of rat feces samples after administration of DCKD 
were performed according to previously published procedures 
[1, 8] with minor changes as follows. Preconcentration of rat 
feces samples was done by the addition of 1.5 mL of MeOH to 
0.4 g of rat feces, ultra sonification for 30 min, centrifugation at 
18,407 ×g for 5 min, transfer of supernatants into another reac-
tion tube, evaporation to dryness under a gentle stream of ni-
trogen at 70°C, and reconstitution in 50 μL of WW or purified 
water (only used for blank incubations). Rat feces extracts were 
then incubated in freshly collected, untreated, influent WW for 
24 h at 22°C. The final volume at the start of each incubation 
was 4 mL. After 0 and 24 h, an aliquot (2 mL) of each sample was 
transferred into another reaction tube, and 20 μL each of trim-
ipramine-d3, ketamine (0.1 mg/L each, IS), and a freshly pre-
pared NaN3 solution (0.2%, w/v) were added. Samples were then 
vortexed and centrifuged for 5 min at 18,407 ×g. Supernatants 
(100 μL) were transferred into autosampler vials, and 10 μL was 
injected onto the LC-HRMS/MS system. Control incubations 
were performed by the addition of NaN3 (0.2%, w/v) at the start 
of the incubation, and blank incubations were performed using 
purified water instead of WW. All concentrations are final con-
centrations; experiments were performed in triplicates.

2.7   |   Instrumental Settings

Based on a previous study [15], a Thermo Fisher Scientific (TF, 
Dreieich, Germany) Dionex UltiMate 3000 consisting of a degas-
ser, a quaternary pump, a DL W2 wash system, and a HCT PAL 
autosampler (CTC Analytics AG, Zwinger, Switzerland). The 
system was coupled to a TF Q Exactive orbitrap mass spectrom-
eter, equipped with a heated electrospray ionization II source 
(HESI-II). According to the manufacturer's recommendations, 
calibration was performed prior to analysis using external mass 
calibration. The conditions of the LC system were as follows: TF 
Accucore Phenyl Hexyl column (100 × 2.1 mm ID, 2.6 μm par-
ticle size) and gradient elution eluents A and B. The flow rate 
was set as follows: 0–11.5 min at 0.500 mL/min, 11.5–13.5 min 
at 0.800 mL/min with the following gradient settings: 0–1.0 min 
hold 1% B, 1–10 min to 99% B, 10–11.5 min hold 99% B, and 
11.5–13.5 min hold 1% B. The HESI-II source conditions were 

as follows: ionization mode: positive; heater temperature, 320°C; 
ion transfer capillary temperature, 320°C, ionization mode, pos-
itive; sheath gas, 60 arbitrary units (AU); auxiliary gas, 10 AU; 
spray voltage, 4.00 kV; and S lens RF level, 60.0. Mass spectrom-
etry experiments for identification of metabolites in rat feces 
were performed using full scan mode and data-dependent ac-
quisition (DDA) with an inclusion list containing the masses of 
the expected metabolites. For full data scan, the settings were 
as follows: resolution, 35,000 at m/z 200; automatic gain control 
(AGC) target, 1e6; maximum injection time (IT), 120 ms; and 
scan ranges: m/z 130–530. The settings for the DDA with the 
respective inclusion lists were as follows: resolution, 17,000 at 
m/z 200; AGC target, 2e5; maximum IT, 250 ms; loop count, 5; 
isolation window, 1.0 m/z; stepped normalized collision energy, 
17.5%, 35%, 52.5%; and pick others, enabled. The HESI-II source 
settings and mass spectrometry experiments for the microbial 
stability experiments were the same as for the identification of 
metabolites in feces. A separate inclusion list containing masses 
of parent compounds and metabolites previously identified 
in urine [15] or feces was used. ChemSketch 2018 2.1 (ACD/
Labs, Toronto, Canada) was used to draw the structures of the 
hypothetical metabolites and for the calculations of the exact 
masses. Xcalibur Qual Browser version 4.1.31.9 (TF, Dreieich, 
Germany) was used for data handling. Two-sided t-tests (TOST) 
were performed using MS Excel version 2408 (Microsoft, 
Redmond, USA).

3   |   Results and Discussion

3.1   |   Pretest Blank Incubations for the Stability 
Assessment of DCKDs

To test for the number of replicates required for WW incuba-
tions of DCKD and whether normalization of the obtained 
peak areas to an IS might be necessary, a pretest using blank 
incubations with purified water was performed. Differences 
in peak areas between t0h and t24h, of DCKD in purified water, 
and their coefficients of variation (CV) are listed in Table  S1. 
Chemical structures of parent compounds detected in this study 
are given in Figures S1–S5. Negative values indicate a decrease 
in peak area; positive values indicate an increase in peak area 
of the respective compound over 24 h. Values and CVs obtained 
without normalization to an IS showed changes in peak areas 
between −4.6% and 3.5%, and CVs below 10%. Normalization 
of DCKD peak areas to an IS led to values between 20% and 
54%, with CVs between 27% and 36%. Furthermore, changes in 
peak areas of five DCKDs were also calculated for n = 3 using 
three randomly selected sample sets of each DCKD from the 
initial experiment carried out with n = 10. Calculations were 
performed without and with IS normalization. DCKD peak 
area changes varied between −1.1% and 7.2%, (CVs were below 
10%) without IS normalization, compared to increases in peak 
areas between 5% and 54% (CVs between 5% and 50%) with IS 
normalization. High CVs using the IS normalization can be due 
to high variations in IS areas, e.g., resulting from fluctuations 
during the LC-HRMS/MS analysis. As CVs of DCKD areas 
were below 10% for n = 10 and n = 3 and IS-normalized values 
showed considerably higher CVs, normalization was not consid-
ered as beneficial for the analysis. Thus, all further experiments 
were performed in triplicates, and calculations were performed 
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without IS normalization. Nevertheless, IS was added in fur-
ther experiments to check the performance of the LC-HRMS/
MS system. Observed, minor but not significant differences in 
peak areas of DCKD over 24 h during blank incubations could 
be explained by fluctuations during the LC-HRMS/MS analysis. 
Incubations were performed over 24 h since the residence time 
of WW in sewer systems can vary between different catchments 
or within the same system [22]. A study by Ort et al. showed res-
idence times between 1 and 12 h for WW collected in different 
European cities [3]. The 24 h period was then chosen to account 
for very long WW residence times.

3.2   |   WW Stability and Studies on Microbial 
Biotransformation of DCKDs

Stability of DCKD, given as differences in peak areas between 
t0h and t24h after WW, control, and blank incubations of parent 
compound solutions, is given in Figure 1 and is listed in Table S2 
including their CVs and results of a TOST comparing WW and 
control incubations. Chemical structures of parent compounds 
detected after WW incubations of parent compound solutions 
are given in Figures S1–S5. Peak area differences were between 
0.4% and 6.4% (WW incubations), −3.3% and 1.2% (control incu-
bations), and −2.6% and 8.2% (blank incubations). CVs ranged 
between 1.7 and 8.8, indicating reproducible results for all investi-
gated compounds. p values obtained after a TOST comparing WW 
and control incubations were above 0.05 for all compounds except 
2-Oxo-PCPr. As no significant differences in peak areas between 
WW and control incubations were observed for 2-Oxo-PCcP, 
2-Oxo-PCE, 2-Oxo-PCiP, and 2-Oxo-PCMe and values were 
comparable with those obtained in the blank incubations, these 
analytes could be considered as stable under the tested WW con-
ditions. 2-Oxo-PCPr showed a significant difference between 
WW and control incubations in the TOST. However, peak areas 
showed only a minor increase and were comparable to those 
obtained in the blank incubation (Section  3.1). Furthermore, 
the observed increase in peak areas of 2-Oxo-PCPr might be at-
tributed to variations during the analysis, which only led to minor 

differences in peak areas between both sample sets (t0h and t24h). 
Hence, 2-Oxo-PCPr could also be used as a potential screening 
target in WW. WW incubations were also screened for metabo-
lites or degradation products originating from microbial biotrans-
formation of the DCKD. Such products might include cleavage of 
Phase II metabolites (leading to the aglycons) or molecules origi-
nating from reductive metabolism (i.e., phenols originating from 
a reduced keto function). No metabolites or degradation products 
could be identified for any of the five DCKDs indicating their sta-
bility. WW used for this study consisted of freshly collected, un-
treated influent WW grab samples. In general, it should be noted 
that the composition of WW samples always differs depending 
on the sewer site [23]. Furthermore, the microbial composition of 
WW is complex and varies due to location and time [24]. Hence, 
using WW collected at other locations, i.e., in larger cities, at WW 
treatment plants located near industry, or in smaller communities 
could lead to differences in the observed degradation of parent 
compounds or metabolites.

3.3   |   WW Stability of DCKD Metabolites Obtained 
From Rat Urine

Stability of DCKD and their metabolites, given as differences in 
peak areas between t0h and t24h after WW, control, and blank in-
cubations of rat urines after oral administration of DCKD listed 
in Table S3 including their CVs and results of a TOST. Figure 2 
shows results exemplified for 2-Oxo-PCE. Experiments were 
performed with rat urine samples after oral administration of 
DCKD, as no reference compounds of the previously identified 
DCKD metabolites were available. IDs of DCKD metabolites used 
in the following and Supporting Information S1 are the same as 
described in a previous publication; their chemical structures 
are given in their respective metabolic pathways (Figures S1–S5) 
[15]. DCKD metabolites already described in the previous pub-
lication but not listed in this study were not detected after WW, 
control, or blank incubations, which was most likely due to the 
dilution of these already in rat urine low–abundant metabolites. 
Those metabolites are also not included in Figures S1–S5.

FIGURE 1    |    Stability of deschloroketamine derivatives, as pure substances, in wastewater, control, and blank incubations over 24 h. Stability 
values are given as differences in peak areas between t0h and t24h, negative values indicating a decrease in peak area, positive values indicating an in-
crease in peak area. 2-Oxo-PCcP, deschloro-N-cyclopropyl-ketamine; 2-Oxo-PCE, deschloro-N-ethyl-ketamine; 2-Oxo-PCiP, deschloro-N-isopropyl-
ketamine; 2-Oxo-PCMe, deschloroketamine; 2-Oxo-PCPr, deschloro-N-propyl-ketamine; #, p < 0.05 in the two-sided t-test comparing incubation 
and control.
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2-Oxo-PCcP showed an increased peak area after WW incuba-
tions (55%) of rat urines with a high CV (23%), compared to a 
modest 7% increase (CV 4.2%) in the control and a minor −0.8% 
decrease (CV 20%) in the blank incubations. Such an increase 
of the parent compound might be explained by unspecific 
reductive microbial biotransformation of several hydroxy 
metabolites [25]. Metabolites CM1 (N-dealkylation), CM2 (N-
dealkylation + acetylation), and CM5 (N-dealkylation + glu-
curonidation) showed reduced peak areas after 24-h WW 
incubations. Peak areas of metabolite CM4 (hydroxylation iso-
mer 2) were increased by 600% in WW incubations (CV 14%), 
compared to a high increase of 520% in control incubations 
(CV 13%) and a slight −14% decrease in blank incubations (CV 
2%). A decrease in peak areas of glucuronides was expected 
since glucuronidated compounds showed to be instable in 
WW [26, 27]. Hence, an increase in peak areas of the corre-
sponding Phase I metabolite (CM1) might also be expected. As 
both compounds showed decreased peak areas after WW in-
cubations, a degradation of CM1 was assumed. The observed 
decrease of CM5 in control incubations might be explained 
by residual activity of microorganisms in control incubations. 
This was also described in the literature where NaN3 was used 
to deactivate microorganisms in WW during stability studies 
on several drugs of abuse [28]. A TOST comparison of WW 
incubations and control incubations revealed that p values ob-
tained for CM1, CM4, and CM5 were below 0.05, indicating 
a significant difference between both sets. Considering the 
observed peak area changes after 24 h, CM1 and CM5 were 
assumed to be instable in WW. As no major decreases in WW 
were observed for the parent compound, CM2 and CM4 could 
be assumed as stable in the tested conditions.

2-Oxo-PCE showed minor decreased peak areas after WW 
incubations of rat urine (−7%, CV 2.5%, see Figure  2). The 
obtained values were only slightly below those obtained after 
control (−4%, CV 6%) and blank incubations (−4%, CV 4%). 
For Phase I metabolites, EM1 (N-dealkylation, −17%), EM2 
(hydroxylation + oxidation to a ketone, −3.6%), and EM4 (hy-
droxylation isomer 2, 3%) also only slight changes in peak 

areas were observed. The peak area of Phase II metabolite 
EM5 (N-dealkylation + glucuronidation) showed a major de-
crease of −65%, which was in line with the results obtained for 
CM5 as already discussed above. Furthermore, peak areas in 
control and blank incubations showed lower peak areas after 
24 h, which could indicate a general instability of this ana-
lyte. CVs of all incubations were below 15%, except the con-
trol incubation of EM5 (32%). According to a TOST, the only 
significant difference between WW and control incubations 
was observed for EM1. As already mentioned before, slight 
changes in peak areas could be attributed to variations during 
the measurement, as minor changes in peak areas were also 
observed for parent compounds during blank incubations. 
Considering the obtained results, only EM5 was assumed to 
be instable in WW. However, it should be considered that N-
dealkylation metabolites are not substance-specific for one of 
the studied DCKD and therefore only provide a general indi-
cation towards DCKD consumption. Thus, substance-specific 
metabolites should be used as biomarkers to allow for precise 
identification of the respective parent compound. This not 
only enables differentiation between the DCKD described in 
this study, but also potential further representatives of this 
class of NPS that might enter the ever-changing NPS market 
in the future.

2-Oxo-PCiP showed only minor changes (−3.6%, CV 10%) after 
WW incubations. Metabolites IM1 (N-dealkylation) and IM8 (N-
dealkylation + glucuronidation) showed high decreases in peak 
areas of −35% (IM1, CV 19%) and −71% (IM8, CV 10%). This is 
in accordance with the results obtained for N-dealkylation and 
N-dealkylation + glucuronidation metabolites of 2-Oxo-PCcP 
and 2-Oxo-PCE. Peak areas of IM6 (hydroxylation isomer 3) 
were strongly increased (320%, CV 7.7%), compared to major de-
crease in peak areas of the corresponding Phase II glucuronide 
IM9 (−100%, CV 7.8%). The decrease of peak areas of glucuron-
ides was already observed for glucuronides of 2-Oxo-PCcP and 
2-Oxo-PCE and is in line with the literature on WW stability of 
glucuronides [26, 27]. Increased peak areas of IM6 might be due 
to the cleavage of its corresponding Phase II metabolite IM9. As 

FIGURE 2    |    Stability of deschloroketamine derivatives, and their metabolites obtained from rat urine, after wastewater, control, and blank incu-
bations over 24 h, exemplified for 2-Oxo-PCE. Stability values are given as differences in peak areas between t0h and t24h, negative values indicating 
a decrease in peak area, positive values indicating an increase in peak area. 2-Oxo-PCE, deschloro-N-ethyl-ketamine; EM, 2-Oxo-PCE metabolite; 
EM1, N-dealkylation; EM2, hydroxylation + oxidation to a ketone; EM4, hydroxylation isomer 2; EM5, N-dealkylation + glucuronidation; #, p < 0.05 
in the two-sided t-test comparing incubation and control.
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IM1, IM8, and IM9 showed a high degradation of peak areas 
after WW incubations, these metabolites were assumed unstable 
in WW. The TOST performed for all analytes showed no signifi-
cant changes for IM8, which was due to also reduced peak areas 
in control incubations (−71%). Although the TOST performed 
for 2-Oxo-PCiP and IM6 indicated significant differences be-
tween WW and control incubations, the parent compound was 
assumed to be stable in WW as results of rat urine WW incu-
bations were comparable to the prior experiments (Sections 3.1 
and 3.2). IM6 also could be considered stable, since peak areas 
increased, possibly due to cleavage of IM9.

2-Oxo-PCMe showed increased peak areas after WW in-
cubations of rat urines (21%, CV 3%). Metabolites MM1 (N-
dealkylation), MM2 (N-dealkylation + hydroxylation), MM6 
(hydroxylation isomer 2), and MM7 (N-dealkylation + acetyl-
ation) showed only slight differences in peak areas (between 
−7.5% and 20%) after 24-h WW incubations. Higher decreases 
in peak areas were observed for MM4 (hydroxylation isomer 
1 + oxidation to a ketone, −28%) and MM8 (N-dealkylation + glu-
curonidation, −80%). The observed degradation of the N-
glucuronide was in line with literature on glucuronides in WW 
[26, 27]. All CVs except for MM1 control incubation (17%) and 
MM7 WW incubation (22%) were below 15%. Results of a TOST 
showed significant differences between WW and control exper-
iments for 2-Oxo-PCMe, MM4, MM6, and MM8. As MM4 and 
MM8 were the only analytes with highly reduced peak areas, 
those were assumed to be instable in WW; other metabolites 
and the parent compound were assumed to be stable and could 
be used as potential WW biomarkers. As already discussed 
above, slight changes in peak areas could be due to fluctuations 
during the LC-HRMS/MS analysis and should not indicate any 
instabilities. Furthermore, when considering a metabolite as a 
biomarker, only substance-specific metabolites should be used.

2-Oxo-PCPr and metabolites PM2 (hydroxylation isomer 1 + ox-
idation to a ketone), PM6 (dihydroxylation + monooxidation 
to a ketone), and PM7 (hydroxylation isomer 2 + oxidation to 
carboxylic acid) showed only minor decreases in peak areas 
(between −15% and −9.3%) with CVs below 15%. PM4 (hydrox-
ylation isomer 2) showed increased peak areas of 1200% (CV 
8.3%), which might be a result of the cleavage of PM11 (hydrox-
ylation isomer 2 + glucuronidation, −100%). CVs of WW and 
control incubations of PM11 were high (73% and 91%), due to 
poor signal intensities. PM1 (N-dealkylation, −27%) and PM10 
(N-dealkylation + glucuronidation, −61%) also showed a major 
decrease in peak areas. PM9 (dihydroxylation isomer 2, 170%) 
showed a high increase in its peak area, but since peak areas 
in its control incubations were also increased by 210%, results 
should not be considered for the stability evaluation. As already 
discussed, instabilities of glucuronides were in accordance with 
literature data [26, 27]. TOST showed no significant differences 
between WW and control incubations of PM2, PM6, and PM7 
(p > 0.05). Hence, these metabolites were assumed to be stable 
in WW. The TOST performed for 2-Oxo-PCPr showed a p value 
below 0.05. Nevertheless, 2-Oxo-PCPr was considered stable 
under WW conditions, as a decrease of −9.3% was considered 
as only a minor change in peak area and the observed change 
in peak area could be due to variations during the analysis. 
Furthermore, MM1 and MM2 are not substance-specific; hence, 
their use as biomarkers is limited.

3.4   |   Identification DCKDs and Their Metabolites 
in Rat Feces After Oral Administration of DCKDs

As WW does not only contains compounds and their metabo-
lites excreted via urine but also those excreted via feces, the ex-
cretion pattern of the five DCKDs in rat feces was investigated. 
Parent compounds and metabolites detected in rat feces samples 
obtained after oral administration of five DCKDs are listed in 
Table S4. Chemical structures of parent compounds and metab-
olites detected in rat feces are given in their respective metabolic 
pathways (Figures S1–S5) [15]. Identification was performed as 
described in a previous publication [15]. Phase I metabolites in-
cluded N-dealkylation (CM1, EM1, IM1, MM1, and PM1), hy-
droxylation (PM4), and hydroxylation with further oxidation 
to a carboxylic acid (PM7). The only Phase II metabolite was 
identified as N-dealkylation of 2-Oxo-PCMe with further glucu-
ronidation (MM8). No additional metabolites to those already 
identified in rat urine were found.

3.5   |   WW Stability of DCKD Metabolites Obtained 
From Rat Feces

Stability of the five DCKDs and their metabolites after WW 
feces incubation is given as differences in peak areas between 
t0h and t24h after WW, control, and blank incubations of DCKD 
and is listed in Table  S4 including their CVs and results of a 
TOST. Chemical structures of parent compounds and metabo-
lites detected after WW incubations of rat feces are given in their 
respective metabolic pathways (Figures  S1–S5) [15]. Figure  3 
shows differences in peak areas exemplified for 2-Oxo-PCPr 
and its metabolites. Experiments were performed with rat feces 
samples after oral administration of DCKD, as no reference 
compounds of the previously identified DCKD metabolites were 
available.

2-Oxo-PCcP, 2-Oxo-PCE, and 2-Oxo-PCMe showed increased 
peak areas ranging from 5.3% to 20%, with CVs below 15% for all 
except 2-Oxo-PCE (27%). Peak areas of 2-Oxo-PCiP (−7.8, CV 21%) 
and 2-Oxo-PCPr (−14%, CV 17%) were only slightly decreased. 
Differences in peak areas of N-dealkylation metabolites varied be-
tween different feces samples; CM1 and EM1 showed increased 
peak areas after WW incubations with 140% (CM1) and 130% 
(EM1); IM1 (−3.0%), MM1 (3.1%), and PM1 (37%) showed con-
siderably smaller differences in peak areas. Furthermore, peak 
areas of PM4 (hydroxylation isomer 2, −2.2%) and PM7 (hydrox-
ylation isomer 2 + oxidation to carboxylic acid, −17%) were also 
only slightly decreased. MM8 (N-dealkylation + glucuronidation), 
the only Phase II metabolite detected in this experiment, showed 
less degradation (−17%) compared to rat urine experiments 
(Section 3.3). Considering the differences in peak areas obtained 
for rat feces incubations, all DCKDs and most metabolites were 
assumed to be stable in WW. As already discussed above, slight 
differences in peak areas might be due to fluctuations during the 
analysis and do not necessarily reflect instabilities. High increases 
in peak areas of CM1 and EM1 could indicate that the respective 
Phase II metabolites were present at t0h, but not detectable in WW, 
and then cleaved during the incubation. However, results from rat 
urines showed that degradation of N-dealkylation + glucuronida-
tion metabolites did not result in higher peak areas of the corre-
sponding Phase I metabolites. According to the TOST performed, 
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the only significant differences between WW and control incu-
bations were observed for PM1. Considering the results obtained 
for glucuronides in Section 3.3. MM8 should not be proposed as a 
potential screening target. Furthermore, considering results ob-
tained after WW incubation of feces samples, parent compounds, 
PM4, and PM7 are assumed to be stable in WW and could be used 
as potential biomarkers of DCKD in WW.

4   |   Conclusions

Following WW incubations of DCKD and/or their metabolites 
as a parent compound solution, in rat urines and in rat feces, 
the DCKD parent compounds showed no analytically relevant 
decrease in peak areas, except for 2-Oxo-PCcP. Hence, all other 
DCKD could be suggested as potential screening targets in 
WW. However, only screening for parent compounds does not 
allow to discriminate between actual intake of the compounds 
and disposal. Thus, compound specific metabolites should be 
added to the screening procedure. Among them, most Phase I 
metabolites showed only slight differences in peak areas indi-
cating their stability as screening targets as well. Notable excep-
tions here were observed for N-dealkylation metabolites CM1, 
IM1, and PM1 with higher decreases in peak areas. The use of 
N-dealkylation metabolites as screening targets is nevertheless 
limited due to their lack of specificity for a particular DCKD. 
Hydroxylation or hydroxylation + oxidation metabolites could 
be used as substance-specific targets in WW, mostly showing 
small decreases or increases in peak areas. Cleavage of their cor-
responding Phase II metabolites could lead to a (high) increase 
in peak areas, which must be considered when metabolites are 
used for quantification but do not negatively affect qualitative 
screenings. Phase II glucuronides were instable in WW, with the 
only exception being MM8 after rat feces incubations. Hence, 
glucuronides are not recommended as screening targets for 
DCKD in WW samples. Future studies should focus on the de-
tectability of DCKD and its metabolites in real WW samples. It 
should also be considered as a limitation of this study that exper-
iments performed only give indications concerning the stability 

of tested DCKD and metabolites. To further sharpen biomarker 
recommendation for DCKD, experiments are needed to assess 
whether, e.g., adhesion to sewer lines or filter materials during 
sample preparation can be observed.
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