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ARTICLE INFO ABSTRACT

Keywords: Pharmaceutical compounds ingested by humans are metabolized and excreted in urine and feces. These me-
HPLC-MS/MS tabolites can be quantified in wastewater networks using wastewater-based epidemiology (WBE) methods.
Opioid Standard WBE methods focus on samples collected at wastewater treatment plants (WWTPs). However, these
Metabolite . . . . .
Glucuronide methods do not capture more labile classes of metabolites such as glucuronide conjugates, products of the major
Sewage phase II metabolic pathway for drug elimination. By shifting sample collection more upstream, these unam-

Wastewater-based biguous markers of human exposure are captured before hydrolysis in the wastewater network. In this paper, we
Epidemiology present an HPLC-MS/MS method that quantifies 8 glucuronide conjugates in addition to 31 parent and other
metabolites of prescription and synthetic opioids, overdose treatment drugs, illicit drugs, and population
markers. Calibration curves for all analytes are linear (rZ > 0.98), except THC (r2 = 0.97), and in the targeted
range (0.1-1,000 ng mL ') with lower limits of quantification (S/N = 9) ranging from 0.098 to 48.75 ng mL .
This method is fast with an injection-to-injection time of 7.5 min. We demonstrate the application of the method
to five wastewater samples collected from a manhole in a city in eastern Massachusetts. Collected wastewater
samples were filtered and extracted via solid-phase extraction (SPE). The SPE cartridges are eluted and
concentrated in the laboratory via nitrogen-drying. The method and case study presented here demonstrate the
potential and application of expanding WBE to monitoring labile metabolites in upstream wastewater networks.

1. Introduction wave are based on first responder reports and hospital records. Unfor-
tunately, compiling these types of data can take a matter of years.

The opioid epidemic is widespread in the US, causing nearly 450,000 Moreover, individuals who experience non-fatal opioid overdoses may
overdose deaths since 1999 [1]. Each wave of the epidemic ushers in never actively seek medical care [2,3]. These hidden populations
more fatal and non-fatal overdoses. Estimates of the intensity of each suffering from opioid use disorder may benefit from empirically proven

Abbreviations: ACT, Acetaminophen; ACT-Glu, Acetaminophen glucuronide; AMP, Amphetamine; BEG, Benzoylecgonine; BUP, Buprenorphine; CCN, Cocaine;
CDN, Codeine; CDN-Glu, Codeine-68-D-glucuronide; CFN, Caffeine; EDDP, 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine; HCD, Hydrocodone; HCT, trans-3'-
Hydroxycotinine; HMP, Hydromorphone; HMP-Glu, Hydromorphone-3-p-D-glucuronide; MAM, 6-monoacetylmorphine; MAMP, Methamphetamine; MDA, (+)-3,4-
Methylenedioxyamphetamine; MDMA, (+)-3,4-Methylenedioxymethamphetamine; MPH, Morphine; MPH-Glu, Morphine-3-p-D-glucuronide; NBP-Glu, Norbupre-
norphine glucuronide; NCD, Norcodeine; NHCD, Norhydrocodone; NLX, Naloxone; NLX-Glu, Naloxone-38-D-glucuronide; NMPH, Normorphine; NOCD, Norox-
ycodone HCl; NTRM, N-Desmethyl-cis-tramadol HCl; NTX, Naltrexone; OCD, Oxycodone; OMP, Oxymorphone; OMP-Glu, Oxymorphone-3-p-D-glucuronide; OTRM,
O-Desmethyl-cis-tramadol HCl; PAG, Phenylacetylglutamine; THC, (7)—trans—Ag—tetrahydrocannabinol; THCCOOH, (i)—l1—nor—9—Carboxy—A9-THC; THCCOOH-Glu,
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interventions surrounding harm reduction and behavioral health.
However, detection of these individuals continues to be challenging.
Some tactics like syndromic surveillance using social media or devel-
opment of prescription drug monitoring programs have been imple-
mented by public health authorities to better understand the spread of
the opioid epidemic, but these measures lack ground truth clinical
sampling to confirm described trends. Therefore, a clear need exists for
healthcare-independent, de-identified, noninvasive approaches for
measuring opioid exposure.

One such approach is wastewater-based epidemiology (WBE), a
technique of analyzing residential wastewater for human-excreted drug
metabolites to estimate population-level exposures to pharmaceuticals
and other drugs of abuse [4-9]. WBE permits noninvasive monitoring of
large populations through existing public infrastructure. Thus, it enables
population health assessments that are independent of disease indicators
provided by healthcare facilities or based on expensive in-person survey
protocols. WBE samples can be obtained as needed and wastewater
analyte dynamics can be used to guide public health interventions and
harm reduction policy development [10-11]. Several methods exist for
quantifying licit and illicit drugs in wastewater utilizing a combination
of solid-phase extraction and mass spectrometry, typically liquid chro-
matography coupled to triple quadrupole mass spectrometry [12-19].
Unfortunately, methods developed for this purpose often include only a
subset of opioid metabolites or only those in their unchanged forms
[8,20-24]. In the human body, opiates are primarily metabolized via
phase II glucuronidation [25]. These glucuronide conjugates, unlike the
unchanged parent forms, act as direct indicators of human exposure.
Wastewater epidemiologists have recently called for the inclusion of
glucuronide conjugates in back-calculations of human exposure [26].
Unfortunately, once introduced to the sewer system, the travel time of
metabolites from the point of injection to the WWTP can be up to 24 h
[27]. With some exceptions such as codeine-6-glucuronide, glucur-
onidated metabolites, once introduced to the wastewater system, un-
dergo rapid degradation via enzymatic hydrolysis and may be absent or
at such low concentrations that they evade the detection limit of ana-
lyzers at the WWTP level [24,28-31].

One approach to address this shortcoming is to move WBE sampling
upstream in the sewer networks, thereby capturing glucuronide conju-
gates and other potentially time-sensitive metabolites prior to chemical,
biological and physical transformations that occur in the sewer. Previ-
ous studies have sampled upstream to achieve more granular data of the
contributing population such as in prisons or on college campuses
[32-35]. This advance unlocks the potential for higher resolution
community-level surveillance for opioid exposure and importantly ex-
pands the classes of target molecules to include direct metabolites of
human exposure [36].

This study develops and validates a high performance liquid chro-
matography - tandem mass spectrometry method tailored to a panel of
opioids including eight glucuronide conjugates: acetaminophen glucu-
ronide, codeine-6-glucuronide, hydromorphone-3-glucuronide,
morphine-3-glucuronide, norbuprenorphine glucuronide, naloxone-3-
glucuronide, oxymorphone-3-glucuronide and (+)-11-nor-9-carboxy-
delta9-THC glucuronide. We select three multiple reaction monitoring
(MRM) transitions per target analyte to increase specificity between
opioids which have similar structures and fragmentation patterns as
opposed to existing methods which commonly utilize two per analyte.
Finally, we pilot this technique in an upstream manhole catchment
thereby demonstrating the feasibility of this analytical technique at
critical access points in wastewater networks. To our knowledge, this is
the first observation of naloxone-3-glucuronide in an upstream manhole
catchment.

2. Materials

ACT, ACT-Glu, AMP, BEG, BUP, CCN, CDN, CDN-Glu, CFN,
THCCOOH, EDDP, HCD, HCT, HMP, HMP-Glu, THCOH, MAM, MAMP,
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MDA, MDMA, MPH, MPH-Glu, NBP-Glu, NCD, NHCD, NLX, NLX-Glu,
NMPH, NOCD, NTRM, NTX, OCD, OMP, OMP-Glu, OTRM, PAG, THC,
THCCOOH-Glu and TRM reference standards and their deuterated an-
alogues used for internal standards (ACT-D4, AMP-D8, BEG-D8, BUP-
D4, CCN-D3, CDN-D6, CDN-Glu-D3, CFN-13C3, THCCOOH-D3, EDDP-
D3, HCD-D3, HCT-D3, HMP-D3, THCOH-D3, MAM-D6, MAMP-D8,
MDA-D5, MDMA-D5, MPH-D6, MPH-Glu-D3, NBP-Glu-D3, NCD-D3,
NHCD-D3, NLX-D5, NLX-Glu-D5, NOCD-D3, NTRM-D3, NTX-D3, OCD-
D6, OMP-D3, OMP-Glu-D3, OTRM-D6, PAG-D5, THC-D3, THCCOOH-
Glu-D3 AND TRM-D3) were purchased from Cerilliant Corporation
(Round Rock, TX, USA) at concentrations of either 1 mg mL ™!, 2 mg
mL ! or 100 pg mL~l. ACT-Glu (5 mg, 99.9% grade purity) was pur-
chased from Sigma Aldrich (St. Louis, MO, USA). LC/MS Optima Grade
acetonitrile, methanol, water and formic acid used for mobile phases
and elution solvents were obtained from ThermoFisher Scientific (Aga-
wam, MA, USA). Ultra-high purity (UHP) Nitrogen gas for sample con-
centration and UHP Argon for the LC/MS collision gas were sourced
from Airgas (Billerica, MA, USA). UHP Nitrogen for the LC/MS nebu-
lizing gas was supplied by a nitrogen generator (Peak Scientific, Bill-
erica, MA). Liquid chromatographic separation was performed on a
Horizon Vanquish UHPLC system equipped with an autosampler
compartment, a temperature-controlled column compartment, and a
binary pump system coupled to a TSQ Altis triple stage quadrupole MS/
MS system equipped with a heated electrospray ionization (H-ESI)
source (ThermoFisher Scientific, San Jose, CA, USA). Analytical sepa-
rations were performed using a reversed-phase AccucoreTM Biphenyl
column (100 x 2.1 mm I.D., 2.6 pm). The column was set up in-line with
a column pre-heater, pre-filter, and a DefenderGuard column (10 x 2.1
mm, AccucoreTM Biphenyl packing). TraceFinder 4.1 General Quanti-
tation Software was used for data acquisition. The TSQ Altis Tune
application software was used to select the MRM transitions and to
optimize the MS ionization settings.

3. Method development

A summary of the target analytes in the method with their respective
drug classifications and parent compounds can be found in Table S1. The
precursor and fragment ions for each target analyte and internal stan-
dard were determined by preparing individual 1,000 ng mL ! solutions
in 50:50 v/v methanol:water and directly infusing them to the mass
spectrometer. Using a glass syringe and a syringe pump, the solutions
were infused at a rate of 30 uL min~* and teed into the LC flow until good
spray stability was observed (<15% RSD). The CID gas was set to 1.5
mmTorr. Three MRMs for each target analyte and 2 MRMs for each in-
ternal standard were recorded along with their optimized collision en-
ergies, polarities and RF lens voltages (Table S2). A mixture of all
reference materials was prepared at 10,000 ng mL~! and infused to the
H-ESI source, in-line with the LC flow at 50% B to optimize the ioniza-
tion settings (Table S3). The optimized LC mobile phase solutions were
0.1% formic acid in water (A) and 0.1% formic acid in methanol (B) at a
flow rate of 0.5 mL min-1. We compared both methanol and acetonitrile
as the ‘B’ mobile phase and observed methanol to yield better retention
and separation. The developed gradient elution program was: 3.50 min
equilibration at 0% B, hold 0% B for 0.2 min, increase to 99% B over 2.3
min, hold constant for 1 min, decrease to 0% B and hold for 0.5 min. The
autosampler compartment was set to 4 °C. The column oven was
maintained at 40 °C in the ‘Still Air’ thermostatting mode. The injection
volume was set to 1 pL, and the autosampler needle was rinsed before
and after each injection for 15 s with a solution of 40:20:20 acetonitrile:
isopropyl alcohol:acetone.

We investigated two chromatographic columns for this work: the
Accucore™ Biphenyl and the Accucore™ Polar Premium reversed-phase
columns from Thermo Fisher Scientific. We found the Accucore™
Biphenyl to retain and separate these target analytes better than the
Accucore Polar Premium column.

During method development, we ran an experiment to determine the
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minimum elution volume required to elute our compounds from the 15 g
SPE cartridge. Milli-Q samples were spiked in triplicate with a mixture of
target analytes for a concentration of 200 ng mL ™! in the final extract. A
blank sample was also prepared. The cartridges (n = 4) were washed
with 40 mL of a solution of 5% methanol in water v/v and eluted with
120 mL of 100% methanol with the wash and elution fractions collected
at 20 mL intervals. Each fraction was spiked with a solution of internal
standards for a final extract concentration of 50 ng mL™!. The eluents
were then dried, reconstructed in 1 mL of HPLC grade water and
analyzed by the HPLC-MS/MS method.

Additionally, we performed a spiking recovery experiment to
confirm the feasibility of the solid-phase extraction protocol in this
matrix. For this experiment, we scaled down the loading volume and
SPE cartridge resin to replicate field sampling while also preserving
expensive reference standards. In the laboratory, we prepared triplicate
samples (V = 140 mL) of Milli-Q water (spiked), wastewater (spiked)
and grab wastewater (blank). The Milli-Q and wastewater samples were
spiked with a mixture of target analytes at 5 ng L. All solutions were
loaded at a rate of 1 mL min~! onto 6 cc, 500 mg Waters HLB SPE
cartridges using a vacuum manifold. The cartridges were washed with 4
mL of 5% methanol in water v/v and eluted with 20 mL of 100%
methanol. The eluents were spiked with a mixture of internal standards
for a final extract concentration of 50 ng mL ™!, dried with UHP nitrogen,
reconstructed in 1 mL of HPLC grade water and analyzed by the HPLC-
MS/MS method described previously. The recovery in wastewater was
corrected by the background concentration in the wastewater blank.

4. Method validation and quality control

The developed method was validated for specificity, linearity ),
accuracy, carryover, precision, range, instrumental quantification limit
(IQL) and detection limit (IDL) in accordance with the FDA’s Analytical
Procedures and Methods Validation for Drugs and Biologics Guidance for
Industry [37]. We prepared a series of dilutions from a 5,000 ng mL ™
working mixture of all target analytes into nine calibrators in a solution
of 1% methanol in Milli-Q water: 0.1, 0.5, 1.0, 4.9, 10.0, 48.8, 97.5,
487.5, and 975 ng mL 1. Each calibrator was spiked with the appro-
priate amount of internal standard (IS) mixture for a final amount of 50
ng mL~!. Calibrators>20% different from the theoretical concentration
were excluded from the calibration curve and a minimum of seven
calibrators were required to validate a calibration curve. The calibration
curves for all analytes were set to ignore the origin and had 1/X
weighting. Area ratios of the target analytes to its respective internal
standard were used to create the calibration curves. The IDL for each
target analyte was determined by selecting the lowest concentration
which had a signal-to-noise ratio (S/N) equal to 3, good chromato-
graphic peak shape (6-10 MS scans per peak), the presence of at least
one confirming ion, and fragment ion ratios within 20% of the expected
fragmentation pattern pulled from the calibrators. The IQL for each
target was determined by selecting the lowest concentration which
satisfied the IDL requirements with both confirming ions present and S/
N = 9 (see Table 1). An r* > 0.98 was considered suitable for linearity.
The specificity of the method was ensured by using the internal standard
mode of calibration. Any effects of the wastewater matrix such as
retention time drift, chemical interferences, or ion suppression or
enhancement are corrected by the internal standard. Carryover for all
analytes was evaluated by injecting the highest calibrator in the series
followed by an injection of milli-Q water solvent blank spiked with the
appropriate amount of the internal standard working mixture and
calculating the percent carryover between the injections.

The precision of the method was determined by repeatedly injecting
a sample with 5 ng mL~! of a solution of target analytes (n = 8) and
calculating the relative standard deviation (%RSD). A %RSD < 15% was
considered acceptable for validation. To ensure the quality of the
method, we prepared a pooled sample consisting of 10 pL. combined
from each sample in the batch. The pooled sample was analyzed every

Journal of Chromatography B 1176 (2021) 122747

Table 1
Summary of method validation parameters: instrumental detection limit (IDL),
instrumental quantitation limit (IQL), linearity and precision.

Compound IDL (S/N = 3), pg IQL (S/N =9), pg Precision (%
injected injected RSD)
ACT 9.8 9.8 9.9
ACT-Glu 4.9 4.9 9.1
AMP 4.9 4.9 20.1
BEG 0.5 0.5 36.9
BUP 0.5 0.5 6.5
CCN 1.0 0.1 3.6
CDN 1.0 4.9 13.8
CDN-Glu 0.5 1.0 11.9
CFN 1.0 4.9 6.2
EDDP 0.1 0.1 2.7
HCD 1.0 4.9 11.4
HCT 0.1 0.1 18.7
HMP 1.0 4.9 11.4
HMP-Glu 0.1 1.0 23.5
MAM 1.0 4.9 6.3
MAMP 0.1 0.5 2.9
MDA 0.5 0.5 2.8
MDMA 0.1 4.9 40.0
MPH 1.0 4.9 9.0
MPH-Glu 0.1 4.9 9.3
NBP-Glu 4.9 9.8 4.3
NCD 1.0 4.9 11.4
NHCD 4.9 4.9 6.0
NLX 0.5 1.0 8.3
NLX-Glu 0.5 1.0 8.1
NMPH 1.0 4.9 21.6
NOCD 0.5 1.0 10.2
NTRM 0.5 1.0 3.1
NTX 0.5 4.9 6.9
OCD 0.5 1.0 8.4
OMP 1.0 1.0 7.5
OMP-Glu 0.1 0.5 6.7
OTRM 0.1 1.0 9.4
PAG 0.5 4.9 345
THC 9.8 48.8 18.5
THCCOOH 1.0 4.9 8.6
THCCOOH- 4.9 48.8 15.3
Glu
THCOH 1.0 4.9 2.8
TRM 0.1 4.9 3.4

five injections to check for instrument drift. A continuous calibration
verification (CCV) sample equivalent to the fifth calibrator concentra-
tion is also injected periodically. Concentrations in the CCV<20%
different than the theoretical amount are considered acceptable. A sol-
vent blank spiked with internal standards is injected periodically to
account for carryover.

5. Application to wastewater samples

We applied the developed method on wastewater samples (n = 5)
collected from a manhole in a city in eastern Massachusetts. We used a
custom-designed sampling device consisting of peristaltic pumps, a
Durapore 0.22 pm filter, a custom-packed 15 g Oasis HLB solid-phase
extraction (SPE) cartridge and a silicone rubber pickup tube equipped
with a pond filter to prevent large debris from clogging the tubing
(described further in Endo et al 2020). The sampling device was set to
pump wastewater for 30 s every five minutes for 24 h. The effluent from
the SPE cartridge was collected and the loading volume was measured
for each sample. Upon completion of sample collection, the SPE car-
tridges were removed from the device and returned to the laboratory on
ice. The samples were kept at —20 °C until analysis and analyzed within
72 h. Gonzalez-Marino et al. investigated the storage stability of similar
analytes on HLB resin SPE cartridges and found minimal losses [38].

The SPE cartridges were washed with 40 mL of a 5% v/v solution of
methanol in water then eluted with 120 mL of 100% methanol at a rate
of 1 mL min~!. We observed that a minimum of 120 mL of 100%
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methanol was required to elute some cannabinoids (THCCOOH and
THC) which determined the elution volume used (Figure S1). The
methanol fractions were collected in 4 x 40 mL glass vials and spiked
with 50 ng of the internal standard mixture. The eluents were placed
under a gentle stream of UHP nitrogen until the samples were at near
dryness. Samples were reconstructed in 1 mL of 1% v/v methanol in
water solution.

The wastewater concentration (C,,) for each analyte was calculated
by summing the concentrations of all four vials, multiplying by the
reconstruction volume (V;), and dividing by the total SPE cartridge
loading volume (V) (1). The vial concentrations described here are all
blank-corrected.

[(C1 4 C2+ C3 + C4)xVr]

Cw = Vi

(€8]

6. Results and discussion

6.1. Method development and validation results
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hydraulic retention time from the point of injection to the manhole
selected is 45 min. The distance from the manhole to the wastewater
treatment plant is approximately 10 miles. The five samples were
collected daily from Friday, October 4th to Tuesday, October8th, 2019.
There were no significant rain events during the sampling period. The
sample volumes collected on days 1-5 were 1.270, 1.475, 1.510, 1.485,
and 1.370 L, respectively.

The analytes with the highest average wastewater concentrations
over the five-day period were benzoylecgonine, the major urinary
metabolite of cocaine and the population biomarker class compounds:
caffeine, acetaminophen, phenylacetylglutamine, and hydroxycotinine
(Fig. 1, Table 2). Most analytes were detected in all samples, except for
NBP-Glu, 6-MAM, NLX-Glu and THCCOOH-Glu which were detected in
four samples and ACT-Glu and NCD which were detected in fewer than

Table 2
Observed wastewater concentrations (ng L™ for samples taken over five days
from a manhole in eastern Massachusetts. n.d.: Not detected.

: -1
The developed HPLC-MS/MS method is fast with an injection-to- Compound Wastewater Concentration (ng L )
injection time of 7.5 min. The chromatographic column can retain and Day 1 Day 2 Day 3 Day 4 Day 5
separate the opioid compounds despite their similar chemical structures. ACT 58619.6 70558.4 46603.7 75501.6 43012.6
This instrumental method is suitable for high-throughput applications, ACTG 8.6 13.4 n.d. n.d. n.d.
especially in labs interested in monitoring opioid usage in the commu- APT 258.1 2925 222.5 181.4 337.6
nity. To maximize the efficiency of the instrument turnaround time, the BEG 25107 1456 3894 3115 1060.6
Y - y -tu g BUP 13.3 17.6 33.7 56.1 36
sample preparation steps need to be further optimized to shorten the ceN 267.8 471.3 283.7 226.3 73
overall processing time. CDN 26 16 16.4 21.3 20.6
The method is sensitive for all analytes with IDLs lower than 1 ng CDNG 104.4 58.4 80.9 40.9 27.9
mL ! except for ACT-Glu, AMP, NBP-Glu, NHCD, and THCCOOH-Glu CEN 71660.4 74241.8 69271.4 69825.4 76495.9
hich h IDLs below 5 L1 ACT and THC h lichtl CTHC 453.3 435.4 466.5 382.6 469.1
which have s below . ng mL™". an ave a slightly EDDP 11 48 08 0.9 05
higher IDL of 10 ng mL™". Similarly, the instrumental limit of quanti- HCD 6 26 35 4.4 43
fication (IQL) was as low as 0.1 ng mL~! for some analytes. THC and HCT 1319.4 1280.1 1107.9 1060.9 1348.9
THCCOOH-Glu have slightly higher IQL of 50 ng mL ™. The upper limit HMP 25 25 1.2 1 2.2
of the calibration curve is 1,000 ng mL L. If the observed concentration HMPG 138.2 901 185.2 7.7 26.7
; > g e T HTHC 149.3 214.4 208.6 539.4 482.5
in an unknown sample falls above the upper limit, the sample is diluted MAM 3.2 nd. 6.5 8.8 4.5
to an appropriate level, spiked again with internal standards and re- MAMP 19.2 22.4 17 9.3 12.1
analyzed by the instrument. MDA 9.7 12.6 6.5 7.2 12.6
The calibration curve linear equation parameters and r> values can MDMA 13.1 56 27.2 10.2 4.6
be found in Table S4. The linearity for all analytes is excellent (12> 0.99) oot o ool 42 o8 b8
e found in Table S4. The linearity for all analytes is exce gn r*>0. MPHG 133 87.9 178.8 26.7 2.6
except for BUP, EDDP, THCOH, and NMPH which have r* > 0.98. THC NBPG 5.7 4.7 3.2 3.1 nd.
has a reasonable r? of 0.97 that fell below the threshold for validation. As NCD 21.8 n.d. n.d. nd. n.d.
aresult, THC could only be qualitatively detected here. The precision of NECD 5.4 44 5.1 55 35
. . . . ) NLX 3.3 5.4 7.9 6.2 6.5
the instrument in measuring each target analyte in wastewater is below NLXG s 70 7 68 nd
the threshold of 15% RSD for all compounds except for PAG, THC, BEG, NOCD 16.8 20.9 15.8 21.4 86.6
AMP, HCT, NMPH, MDMA, HMP-Glu which ranged from 16 to 40% NTRM 25.6 16.3 19.4 25.2 33.3
RSD. In each of the solvent blank samples, the concentration of all target NTX n.d. n.d. n.d. n.d. n.d.
analytes was not detected, so we were unable to calculate the percent 0och 8.2 8.9 5.6 28 25.3
OMP 6 4.9 45 9.3 12.1
carryover. OMPG 3.6 6.1 4.3 35 25.7
OTRM 43.1 415 62.1 65.9 82.4
PAG 6659.9 5319.9 6501.5 5068.1 5012.3
6.2. Results from case study THC 20.6 495 18 33.4 30.9
THCG 30.7 35.3 39.2 15.2 n.d.
The manhole used here serves an area that is 84% residential with a TRM 51.4 44.9 77.1 146.9 88.2
population of approximately 5,300 people. The estimated maximum
é w0 == ® Farent
g N o Otverurnery matabalite
8 100 35 ® Parent & metabolite
[ [ == =
g B e . ==
g 10° =& == -
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Fig. 1. Measured concentrations of all analytes in wastewater samples using the developed method.
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two samples (Fig. 2). For some of the parent and glucuronide conjugate
pairs such as THC and THCCOOH-Glu, NLX and NLX-Glu, HMP and
HMP-Glu, MPH and MPH-Glu, CDN and CDN-Glu, the wastewater con-
centration of the glucuronide conjugate was higher or roughly equal to
the amount of the parent compound (Fig. 2). This ratio of glucuronide
conjugate to parent compound may be explained by the glucuronide
being the primary urinary metabolite for these pairs [25,39-40].
Conversely, the average wastewater concentration of acetaminophen is
four orders of magnitude higher than its glucuronide conjugate, acet-
aminophen glucuronide. This could potentially be explained by larger
amounts of acetaminophen discarded down the drain. The relatively low
detection rate of norcodeine may be because it is only a minor urinary
metabolite of codeine [41]. Naltrexone, a treatment for alcohol and
opioid abuse, was not detected in any of the samples. This could
potentially be explained by fewer naltrexone users in our selected
catchment area.

We found that THCCOOH is the metabolite reliably used to estimate
human consumption of cannabis (THC) in a WBE context. Previous
studies have shown difficulty measuring THC in aqueous wastewater
without also including sludge due to its high lipophilicity [42]
Furthermore, THCOH is only an intermediary metabolite which is ulti-
mately excreted in urine as THCCOOH. It is also expected that some
amount of THCCOOH-Glu transforms back to the carboxylic form in the
wastewater environment. Although, Bijlsma et al. suggest acidifying the
samples to pH 2 to reliably quantify THCCOOH in a wastewater matrix,
adjusting the pH in an in-situ extraction device is challenging in this
application and further work is needed to achieve pre-acidification.

In order to collect and observe the more labile analytes of interest in
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this study, we utilized an in-situ wastewater sampling device. Unlike
most WBE studies which obtain a composite sample from a WWTP
before bringing it to the laboratory for processing, this device filters and
loads the wastewater sample to the SPE cartridge instantaneously,
thereby preserving the glucuronide conjugates and other sensitive
compounds. However, one significant and notable disadvantage of this
sampling method is that the internal standards are only introduced to
the wastewater sample after the cartridge is returned and eluted in the
lab. Therefore, the extraction efficiency is not considered, making
further WBE calculations of population consumption challenging.

While the sample collection procedure described here is outside the
scope of the HPLC-MS/MS method validation, this sampling strategy is
valuable for the future of wastewater surveillance at the neighborhood
level. To demonstrate the effectiveness of the SPE cartridges in the field,
we performed a spiking recovery experiment in the laboratory to
investigate the recoveries of the SPE protocol in both Milli-Q and
wastewater matrices. The recoveries from the experiment are summa-
rized in Table S5. Overall, the opiates had reasonable recoveries in Milli-
Q water (>30%) with HMP-Glu and MPH-Glu having lower average
percent recoveries of 22.8 and 27%, respectively. Many compounds had
better percent recoveries in wastewater even after being wastewater
blank corrected with average percent recoveries >70% for all com-
pounds selected except for BUP which had a recovery in wastewater of
17.7%.

6.3. Implications and future work

The ability to assay wastewater samples at both upstream and
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Fig. 2. (Top) Comparison of the wastewater concentrations for the glucuronide conjugates and their respective parent compound. (Bottom) The ratio of the

wastewater concentration for the glucuronide conjugate to its parent.
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downstream sources for a large panel of both prescription and illicit
opioids significantly advances the ability of researchers and public of-
ficials to understand exposure to opioids among key populations.
Importantly, the incorporation of glucuronide conjugates draws the
distinction between human exposure to opioids compared to opioids
that may be discarded via the wastewater system. This distinction allows
public health officials to recognize patterns of opioid use that are a result
of actual human exposure compared to a composite analysis of both
human exposure plus potential discarded opioids.

Numerous pharmacokinetic studies have been performed on the
human excretion rates of the target analytes in this study which are
further used in WBE back-calculations of human exposure of the parent
compounds [44-54]. Adding glucuronide conjugates to these back-
calculations expands the suite of human-specific markers of consump-
tion, especially for analytes such as naloxone which are primarily
excreted as the glucuronide conjugate [48].

The method described here is subject to some limitations. Regarding
the sample collection, one major issue is the inability to introduce the
internal standards to the sample prior to the solid-phase extraction
loading step. Further experiments and hardware revisions should be
explored to investigate if introducing the internal standards sooner is
possible, perhaps during the in-situ sample collection or as a dose to the
cartridge upon arrival to the lab. Another limitation of this method is the
large elution volume required to elute each SPE cartridge. This results in
long drying times and potential handling errors when splitting the
sample into vial fractions. In future applications, the relatively large
total elution volume could be collected and dried in a single container
using a rotary evaporator rather than drying individual fractions with
nitrogen gas.

Notably, some of the glucuronide conjugates were not observed on
all five days of the study. There are many possibilities for why these
conjugates were absent. One possible explanation could be the different
usage dynamics of the parent drugs across the days of the week [43].
Their absence could also potentially be explained by partial degradation
prior to sample collection or abnormal dumping of bleach cleaning
products to the sewage network that day. We know that dilution can
affect the signal of these compounds in wastewater, however we did not
observe significant rain events during the sampling period. Another
explanation could be changes in the bacterial concentrations in the
wastewater across the different days. Future work is needed to better
constrain the in-sewer stability of glucuronide conjugates at different
injection points in the upstream wastewater network. Furthermore, the
method itself can be expanded and revalidated to include emerging
opioids or drugs of abuse (i.e. synthetic drugs or fentanyl analogs). This
technique may enable higher resolution understanding of substance use
and the impact of treatment programs at the community and neigh-
borhood level.

7. Conclusions

We developed a sensitive HPLC-MS/MS method for the quantifica-
tion of 31 opioids, illicit drugs, and population biomarkers as well as 8
glucuronide conjugates in wastewater. Chromatographic separations
were performed using an Accucore™ Biphenyl column (100 x 2.1 mm I
D., 2.6 pm), with a 7.5-minute runtime between injections. The instru-
mental method was validated for selectivity, linearity, IQL, precision,
and accuracy. The calibration curves for all analytes are linear (r? >
0.98) in the targeted range (0.1-1,000 ng mL '), except for THC with r?
= 0.97, and instrumental limits of quantification (S/N = 9) for all
analytes ranged from 0.1 to 48.8 ng mL™'. We applied the method to five
wastewater samples collected from a manhole using an in-situ waste-
water sampling device. Results from a recovery experiment found
reasonable recoveries utilizing an in-situ sampling device in a manhole.
These results demonstrate the ability to capture glucuronide conjugates
indicative of direct human exposure to various licit and illicit opioids as
well as naloxone, the overdose reversal drug. This allows for high
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resolution detection of changes in population exposure to opioids as well
as potential overdoses which may be reversed in the field and never
present for medical care. By understanding the distribution of opioids
and naloxone usage, public health officials can use these data to better
allocate opioid abuse services and interventions in their communities
[10]. Lastly, to more accurately estimate population consumption using
an upstream sampling method, further investigation of internal standard
spiking inside of an in-situ robotic sampling device is required.

CRediT authorship contribution statement

Katelyn S. Foppe: Conceptualization, Investigation, Methodology,
Validation, Writing - original draft, Writing - review & editing. Eliz-
abeth B. Kujawinski: Supervision, Writing - review & editing. Claire
Duvallet: Data curation, Writing - review & editing, Visualization.
Noriko Endo: Writing - review & editing, Project administration.
Timothy B. Erickson: Writing - review & editing, Funding acquisition.
Peter R. Chai: Writing - review & editing, Funding acquisition.
Mariana Matus: Resources, Funding acquisition.

Declaration of Competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
[MM is CEO and co-founder of Biobot Analytics; KF, NE, CD and MM are
employed by Biobot Analytics; EK is a scientific advisor to Biobot Ana-
lytics. All of these authors hold shares in the company].

Acknowledgements

We thank the Department of Public Works and its employees for
giving us access to the manhole for sample collection. We thank Melissa
Soule and Krista Longnecker for their guidance and support leading up
to this project.

Funding

This work was supported by the National Institute on Drug Abuse of
the National Institutes of Health award number R44DA051106 to MM
and PC. TE, PC and MM are funded by research grants from the Mas-
sachusetts Consortium on Pathogen Readiness and NIH R44DA051106.
PRC is funded by NIH K23DA044874, independent research grants from
e-ink corporation and Hans and Mavis Lopater Psychosocial Foundation.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jchromb.2021.122747.

References

[1] Wide-ranging online data for epidemiologic research (WONDER). Atlanta, GA:
CDC, National Center for Health Statistics; 2020. Available at http://wonder.cdc.
gov.

[2] NIDA. 2020, April 29. Many teens who overdose on opioids do not get effective
follow-up. Retrieved from https://www.drugabuse.gov/news-events/science-high
light/many-teens-who-overdose-opioids-do-not-get-effective-follow-up on 2020,
August 18.

[3] R.A. Pollini, L. Mccall, S.H. Mehta, D. Vlahov, S.A. Strathdee, Non-fatal overdose
and subsequent drug treatment among injection drug users, Drug Alcohol Depend.
83 (2) (2006) 104-110, https://doi.org/10.1016/j.drugalcdep.2005.10.015.

[4] E. Zuccato, C. Chiabrando, S. Castiglioni, R. Bagnati, R. Fanelli, Estimating
community drug abuse by wastewater analysis, Environ. Health Perspect. 116 (8)
(2008) 1027-1032, https://doi.org/10.1289/ehp.11022.

[5] N. Endo, N. Ghaeli, C. Duvallet, et al., Rapid assessment of opioid exposure and
treatment in cities through robotic collection and chemical analysis of wastewater,
J. Med. Toxicol. 16 (2020) 195-203, https://doi.org/10.1007/s13181-019-00756-

5

[6] A.L.N. van Nuijs, F.Y. Lai, F. Been, M.J. Andres-Costa, L. Barron, J.A. Baz-Lomba,
J.-D. Berset, L. Benaglia, L. Bijlsma, D. Burgard, S. Castiglioni, C. Christophoridis,


https://doi.org/10.1016/j.jchromb.2021.122747
https://doi.org/10.1016/j.jchromb.2021.122747
http://wonder.cdc.gov
http://wonder.cdc.gov
https://www.drugabuse.gov/news-events/science-highlight/many-teens-who-overdose-opioids-do-not-get-effective-follow-up+on+2020
https://www.drugabuse.gov/news-events/science-highlight/many-teens-who-overdose-opioids-do-not-get-effective-follow-up+on+2020
https://doi.org/10.1016/j.drugalcdep.2005.10.015
https://doi.org/10.1289/ehp.11022
https://doi.org/10.1007/s13181-019-00756-5
https://doi.org/10.1007/s13181-019-00756-5

K.S. Foppe et al.

7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

A. Covaci, P. de Voogt, E. Emke, D. Fatta-Kassinos, J. Fick, F. Hernandez, C. Gerber,
C. Ort, Multi-year inter-laboratory exercises for the analysis of illicit drugs and
metabolites in wastewater: Development of a quality control system, TrAC, Trends
Anal. Chem. 103 (2018) 34-43, https://doi.org/10.1016/j.trac.2018.03.009.
A.L.N. van Nuijs, J.-F. Mougel, I. Tarcomnicu, L. Bervoets, R. Blust, P.G. Jorens,
H. Neels, A. Covaci, Sewage epidemiology — a real-time approach to estimate the
consumption of illicit drugs in Brussels, Belgium, Environ. Int. 37 (3) (2011)
612-621, https://doi.org/10.1016/j.envint.2010.12.006.

A.J. Gushgari, A.K. Venkatesan, J. Chen, J.C. Steele, R.U. Halden, Long-term
tracking of opioid consumption in two United States cities using wastewater-based
epidemiology approach, Water Res. 161 (2019) 171-180, https://doi.org/
10.1016/j.watres.2019.06.003.

A.J. Skees, K.S. Foppe, B. Loganathan, B. Subedi, Contamination profiles, mass
loadings, and sewage epidemiology of neuropsychiatric and illicit drugs in
wastewater and river waters from a community in the Midwestern United States,
Sci. Total Environ. 631-632 (2018) 1457-1464, https://doi.org/10.1016/j.
scitotenv.2018.03.060.

C. Duvallet, B.D. Hayes, T.B. Erickson, P.R. Chai, M. Matus, Mapping community
opioid exposure through wastewater-based epidemiology as a means to engage
pharmacies in harm reduction efforts, Preventing Chronic Disease 17 (2020) 1-4,
https://doi.org/10.5888/pcd17.200053.

D. Smith. Building smarter healthier communities through opioid wastewater
monitoring. NC Currents, NC AWWA-WEA 99th Annual Conference, Raleigh, North
Carolina; 2019. pp. 81-84. Accessed January 20, 2020: https://www.kelm
anonline.com/httpdocs/files/NC_AWWA_WEA/nccurrentsfall2019/.

C. Postigo, M.J. Lopez de Alda, D. Barceld, Fully automated determination in the
Low Nanogram per liter level of different classes of drugs of abuse in sewage water
by on-line solid-phase extraction - liquid chromatography—electrospray-tandem
mass spectrometry, Anal. Chem. 80 (9) (2008) 3123-3134, https://doi.org/
10.1021/ac702060j.

D.R. Baker, B. Kasprzyk-Hordern, Critical evaluation of methodology commonly
used in sample collection, storage and preparation for the analysis of
pharmaceuticals and illicit drugs in surface water and wastewater by solid phase
extraction and liquid chromatography-mass spectrometry, J. Chromatogr. A 1218
(44) (2011) 8036-8059, https://doi.org/10.1016/j.chroma.2011.09.012.

M.R. Boleda, M.T. Galceran, F. Ventura, Trace determination of cannabinoids and
opiates in wastewater and surface waters by ultra-performance liquid
chromatography-tandem mass spectrometry, J. Chromatogr. A 1175 (1) (2007)
38-48, https://doi.org/10.1016/j.chroma.2007.10.029.

D. Hummel, D. Loffler, G. Fink, T.A. Ternes, Simultaneous determination of
psychoactive drugs and their metabolites in aqueous matrices by liquid
chromatography mass spectrometry, Environ. Sci. Technol. 40 (23) (2006)
7321-7328, https://doi.org/10.1021/es061740w.s001.

1. Gonzalez-Marino, J.B. Quintana, I. Rodriguez, M. Gonzalez-Diez, R. Cela,
Screening and selective quantification of illicit drugs in wastewater by mixed-mode
solid-phase extraction and quadrupole-time-of-flight liquid chromatography-mass
spectrometry, Anal. Chem. 84 (3) (2012) 1708-1717, https://doi.org/10.1021/
ac202989%e.

W. Gul, S.W. Gul, B. Stamper, M. Godfrey, M.A. ElSohly, LC-MS-MS method
development and analysis of STIMULANTS, opiates, synthetic opiates, PCP, and
benzodiazepines in Wastewater. preponderance of these drugs during football
games, Methods Mol. Biol. (2018) 149-182, https://doi.org/10.1007/978-1-4939-
8579-1_15.

T.L. Jones-Lepp, D.A. Alvarez, J.D. Petty, J.N. Huckins, Polar organic chemical
integrative sampling and LIQUID Chromatography?electrospray/ion-trap mass
spectrometry for assessing selected prescription and illicit drugs in treated Sewage
Effluents, Arch. Environ. Contam. Toxicol. 47 (4) (2004) 427-439, https://doi.org/
10.1007/500244-004-3146-6.

N.V. Heuett, C.E. Ramirez, A. Fernandez, P.R. Gardinali, Analysis of drugs of abuse
by online SPE-LC high Resolution mass spectrometry: communal assessment of
consumption, Sci. Total Environ. 511 (2015) 319-330, https://doi.org/10.1016/j.
scitotenv.2014.12.043.

B.J. Tscharke, C. Chen, J.P. Gerber, J.M. White, Temporal trends in drug use in
Adelaide, South Australia by wastewater analysis, Sci. Total Environ. 565 (2016)
384-391, https://doi.org/10.1016/j.scitotenv.2016.04.183.

C. Lacey, G. McMahon, J. Bones, L. Barron, A. Morrissey, J. Tobin, An LC-MS
method for the determination of pharmaceutical compounds in wastewater
treatment plant Influent and effluent samples, Talanta 75 (4) (2008) 1089-1097,
https://doi.org/10.1016/j.talanta.2008.01.011.

A. Kankaanpaa, K. Ariniemi, M. Heinonen, K. Kuoppasalmi, T. Gunnar, Use of illicit
stimulant drugs in Finland: A WASTEWATER study in ten major cities, Sci. Total
Environ. 487 (2014) 696-702, https://doi.org/10.1016/j.scitotenv.2013.11.095.
A.L. Van Nuijs, A. Gheorghe, P.G. Jorens, K. Maudens, H. Neels, A. Covaci,
Optimization, validation, and the application of liquid chromatography-tandem
mass spectrometry for the analysis of new drugs of abuse in wastewater, Drug Test.
Anal. 6 (7-8) (2013) 861-867, https://doi.org/10.1002/dta.1460.

A. Jacox, J. Wetzel, S. Cheng, M. Concheiro, Quantitative analysis of opioids and
cannabinoids in wastewater samples, Forensic Sci. Res. 2 (1) (2017) 18-25,
https://doi.org/10.1080/20961790.2016.1270812.

H.S. Smith, Opioid Metabolism, Mayo Clin. Proc. 84 (7) (2009) 613-624, https://
doi.org/10.4065/84.7.613.

AK. Brown, C.S. Wong, Distribution and fate of pharmaceuticals and their
metabolite conjugates in a municipal wastewater treatment plant, Water Res. 144
(2018) 774-783, https://doi.org/10.1016/j.watres.2018.08.034.

M.J. Reid, K.H. Langford, J. Mgrland, K.V. Thomas, Quantitative assessment of
time dependent drug-use trends by the analysis of drugs and related metabolites in

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Journal of Chromatography B 1176 (2021) 122747

raw sewage, Drug Alcohol. Depend. 119 (3) (2011) 179-186, https://doi.org/
10.1016/j.drugalcdep.2011.06.007.

J. Gao, A. Banks, J. Li, G. Jiang, F.Y. Lai, J.F. Mueller, P.K. Thai, Evaluation of in-
sewer transformation of selected illicit drugs and pharmaceutical biomarkers, Sci.
Total Environ. 609 (2017) 1172-1181, https://doi.org/10.1016/j.
scitotenv.2017.07.231.

G. Dascenzo, A. Dicorcia, A. Gentili, R. Mancini, R. Mastropasqua, M. Nazzari,

R. Samperi, Fate of natural estrogen conjugates in municipal sewage transport and
treatment facilities, Sci. Total Environ. 302 (1-3) (2003) 199-209, https://doi.org/
10.1016/50048-9697(02)00342-x.

S. Castiglioni, E. Zuccato, E. Crisci, C. Chiabrando, R. Fanelli, R. Bagnati,
Identification and measurement of illicit drugs and their metabolites in urban
wastewater by liquid chromatography—tandem mass spectrometry, Anal. Chem. 78
(24) (2006) 8421-8429, https://doi.org/10.1021/ac061095b.

A.P.W. Banks, F.Y. Lai, J.F. Mueller, G. Jiang, S. Carter, P.K. Thai, Potential impact
of the sewer system on the applicability of alcohol and tobacco biomarkers in
wastewater-based epidemiology, Drug Test. Anal. 10 (3) (2017) 530-538, https://
doi.org/10.1002/dta.2246.

A.J. Gushgari, E.M. Driver, J.C. Steele, R.U. Halden, Tracking narcotics
consumption at a Southwestern U.S. university campus by wastewater-based
epidemiology, J. Hazard. Mater. 359 (2018) 437-444, https://doi.org/10.1016/j.
jhazmat.2018.07.073.

K.Y. Kim, F.Y. Lai, H.Y. Kim, P.K. Thai, J.F. Mueller, J.E. Oh, The first application
of wastewater-based drug epidemiology in five South Korean cities, Sci. Total
Environ. 524-525 (2015) 440-446, https://doi.org/10.1016/j.
scitotenv.2015.04.065.

D.A. Burgard, R. Fuller, B. Becker, R. Ferrell, M. Dinglasan-Panlilio, Potential
trends in attention deficit hyperactivity Disorder (ADHD) drug use on a college
campus: wastewater analysis of amphetamine and ritalinic acid, Sci. Total Environ.
450-451 (2013) 242-249, https://doi.org/10.1016/j.scitotenv.2013.02.020.

E. Van Dyken, F.Y. Lai, P.K. Thai, C. Ort, R. Bruno, W. Hall, J. Prichard, Challenges
and opportunities in using wastewater analysis to measure drug use in a small
prison facility, Drug Alcohol. Rev. 35 (2) (2014) 138-147, https://doi.org/
10.1111/dar.12156.

M. Matus, C. Duvallet, M.K. Soule, S.M. Kearney, N. Endo, N. Ghaeli, 1. Brito,

C. Ratti, E.B. Kujawinski, E.J. Alm, 24-hour multi-omics analysis of residential
sewage reflects human activity and informs public health, BioRxiv 1-27 (2019),
https://doi.org/10.1101/728022.

United States, Congress, Office of Pharmaceutical Quality. Analytical Procedures
and Methods Validation for Drugs and Biologics Guidance for Industry, FDA, 2015,
pp. 1-18.

J.B. Gonzalez-Marino, I. Quintana, R.C. Rodriguez, Determination of drugs of
abuse in water by solid-phase extraction, derivatisation and gas
chromatography-ion trap-tandem mass spectrometry, J. Chromatogr. A 1217
(2010) 1748-1760.

M.H. Cortazzo, D. Copenhaver, S.M. Fishman, Major opioids and chronic opioid
therapy, Practical Manage. Pain 495-507 (2014), e3, https://doi.org/10.1016/
b978-0-323-08340-9.00036-0.

R.S. Goodwin, W.D. Darwin, C.N. Chiang, M. Shih, S.-H. Li, M.A. Huestis, Urinary
Elimination of 11-Nor-9-Carboxy- 9-tetrahydrocannnabinol in cannabis users
during continuously monitored abstinence, J. Anal. Toxicol. 32 (8) (2008)
562-569, https://doi.org/10.1093/jat/32.8.562.

L.A. Broussard, Challenges in confirmation testing for drugs of abuse, Accurate
Results Clin. Lab. 243-256 (2019), https://doi.org/10.1016,/b978-0-12-813776-
5.00015-7.

L. Bijlsma, D.A. Burgard, F. Been, C. Ort, J. Matias, V. Yargeau, The estimation of
cannabis consumption through wastewater analysis, Anal. Cannabis 453-482
(2020), https://doi.org/10.1016/bs.coac.2020.04.005.

D.R. Baker, V.E Ocenaskova, M. Kvicalova, B. Kasprzyk-Hordern, Drugs of abuse in
wastewater and suspended particulate matter — further developments in sewage
epidemiology, Environ. Int. 48 (2012) 28-38, https://doi.org/10.1016/j.
envint.2012.06.014.

M.A. Huestis, Human Cannabinoid Pharmacokinetics, ChemInform 38 (47) (2007),
https://doi.org/10.1002/chin.200747256.

J.E. Mrochek, S. Katz, W.H. Christie, S.R. Dinsmore, Acetaminophen Metabolism in
Man, as Determined by High-Resolution Liquid Chromatography, Clin. Chem. 20
(8) (1974) 1086-1096, https://doi.org/10.1093/clinchem/20.8.1086.

C.F. Thorn, T.E. Klein, R.B. Altman, Codeine and morphine pathway,
Pharmacogenet. Genomics 19 (7) (2009) 556-558, https://doi.org/10.1097/
fpc.0b013e32832e0eac.

S.M. Brown, M. Holtzman, T. Kim, E.D. Kharasch, Buprenorphine metabolites,
buprenorphine-3-glucuronide and norbuprenorphine-3-glucuronide, are
biologically active, Anesthesiology 115 (6) (2011) 1251-1260, https://doi.org/
10.1097/ALN.0b013e318238feal.

A. Leuppi-Taegtmeyer, U. Duthaler, F. Hammann, Y. Schmid, M. Dickenmann,

P. Amico, A.W. Jehle, S. Kalbermatter, C. Lenherr, H.E. Meyer zu Schwabedissen,
M. Haschke, M.E. Liechti, S. Krdhenbiihl, Pharmacokinetics of oxycodone/
naloxone and its metabolites in patients with end-stage renal disease during and
between haemodialysis sessions, Nephrol. Dial. Transpl. 34 (4) (2018) 692-702,
https://doi.org/10.1093/ndt/gfy285.

M.A. Huestis, W.D. Darwin, E. Shimomura, S.A. Lalani, D.V. Trinidad, A.J. Jenkins,
E.J. Cone, A.J. Jacobs, M.L. Smith, B.D. Paul, Cocaine and metabolites urinary
excretion after controlled smoked administration, J. Anal. Toxicol. 31 (8) (2007)
462-468, https://doi.org/10.1093/jat/31.8.462.

S. Grond, A. Sablotzki, Clinical pharmacology of tramadol, Clin. Pharmacokinet. 43
(13) (2004) 879-923, https://doi.org/10.2165/00003088-200443130-00004.


https://doi.org/10.1016/j.trac.2018.03.009
https://doi.org/10.1016/j.envint.2010.12.006
https://doi.org/10.1016/j.watres.2019.06.003
https://doi.org/10.1016/j.watres.2019.06.003
https://doi.org/10.1016/j.scitotenv.2018.03.060
https://doi.org/10.1016/j.scitotenv.2018.03.060
https://doi.org/10.5888/pcd17.200053
https://www.kelmanonline.com/httpdocs/files/NC_AWWA_WEA/nccurrentsfall2019/
https://www.kelmanonline.com/httpdocs/files/NC_AWWA_WEA/nccurrentsfall2019/
https://doi.org/10.1021/ac702060j
https://doi.org/10.1021/ac702060j
https://doi.org/10.1016/j.chroma.2011.09.012
https://doi.org/10.1016/j.chroma.2007.10.029
https://doi.org/10.1021/es061740w.s001
https://doi.org/10.1021/ac202989e
https://doi.org/10.1021/ac202989e
https://doi.org/10.1007/978-1-4939-8579-1_15
https://doi.org/10.1007/978-1-4939-8579-1_15
https://doi.org/10.1007/s00244-004-3146-6
https://doi.org/10.1007/s00244-004-3146-6
https://doi.org/10.1016/j.scitotenv.2014.12.043
https://doi.org/10.1016/j.scitotenv.2014.12.043
https://doi.org/10.1016/j.scitotenv.2016.04.183
https://doi.org/10.1016/j.talanta.2008.01.011
https://doi.org/10.1016/j.scitotenv.2013.11.095
https://doi.org/10.1002/dta.1460
https://doi.org/10.1080/20961790.2016.1270812
https://doi.org/10.4065/84.7.613
https://doi.org/10.4065/84.7.613
https://doi.org/10.1016/j.watres.2018.08.034
https://doi.org/10.1016/j.drugalcdep.2011.06.007
https://doi.org/10.1016/j.drugalcdep.2011.06.007
https://doi.org/10.1016/j.scitotenv.2017.07.231
https://doi.org/10.1016/j.scitotenv.2017.07.231
https://doi.org/10.1016/s0048-9697(02)00342-x
https://doi.org/10.1016/s0048-9697(02)00342-x
https://doi.org/10.1021/ac061095b
https://doi.org/10.1002/dta.2246
https://doi.org/10.1002/dta.2246
https://doi.org/10.1016/j.jhazmat.2018.07.073
https://doi.org/10.1016/j.jhazmat.2018.07.073
https://doi.org/10.1016/j.scitotenv.2015.04.065
https://doi.org/10.1016/j.scitotenv.2015.04.065
https://doi.org/10.1016/j.scitotenv.2013.02.020
https://doi.org/10.1111/dar.12156
https://doi.org/10.1111/dar.12156
https://doi.org/10.1101/728022
http://refhub.elsevier.com/S1570-0232(21)00227-0/h0190
http://refhub.elsevier.com/S1570-0232(21)00227-0/h0190
http://refhub.elsevier.com/S1570-0232(21)00227-0/h0190
http://refhub.elsevier.com/S1570-0232(21)00227-0/h0190
https://doi.org/10.1016/b978-0-323-08340-9.00036-0
https://doi.org/10.1016/b978-0-323-08340-9.00036-0
https://doi.org/10.1093/jat/32.8.562
https://doi.org/10.1016/b978-0-12-813776-5.00015-7
https://doi.org/10.1016/b978-0-12-813776-5.00015-7
https://doi.org/10.1016/bs.coac.2020.04.005
https://doi.org/10.1016/j.envint.2012.06.014
https://doi.org/10.1016/j.envint.2012.06.014
https://doi.org/10.1002/chin.200747256
https://doi.org/10.1093/clinchem/20.8.1086
https://doi.org/10.1097/fpc.0b013e32832e0eac
https://doi.org/10.1097/fpc.0b013e32832e0eac
https://doi.org/10.1097/ALN.0b013e318238fea0
https://doi.org/10.1097/ALN.0b013e318238fea0
https://doi.org/10.1093/ndt/gfy285
https://doi.org/10.1093/jat/31.8.462
https://doi.org/10.2165/00003088-200443130-00004

K.S. Foppe et al.

[51] E.D. Kharasch, Current concepts in methadone metabolism and transport, Clin.
Pharmacol. Drug Dev. 6 (2) (2017) 125-134, https://doi.org/10.1002/cpdd.326.

[52] E.J. Cone, P. Welch, J.M. Mitchell, B.D. Paul, Forensic drug testing for opiates: I.
detection of 6-acetylmorphine in urine as an indicator of recent heroin exposure;
drug and assay considerations and detection times, J. Anal. Toxicol. 15 (1) (1991)
1-7, https://doi.org/10.1093/jat/15.1.1.

[53]

[54]

Journal of Chromatography B 1176 (2021) 122747

N.L. Benowitz, J. Hukkanen, P. Jacob, Nicotine chemistry, metabolism, kinetics
and biomarkers. Handbook of Experimental Pharmacology Nicotine
Psychopharmacology, 2009, 10.1007/978-3-540-69248-5_2.

N. Pizarro, J. Ortuno, M. Farre, C. Hernandez-Lopez, M. Pujadas, A. Llebaria,

J. Joglar, P.N. Roset, M. Mas, J. Segura, J. Cami, R. de la Torre, Determination of
MDMA and its metabolites in blood and urine by gas chromatography-mass
spectrometry and analysis of enantiomers by capillary electrophoresis, J. Anal.
Toxicol. 26 (3) (2002) 157-165, https://doi.org/10.1093/jat/26.3.157.


https://doi.org/10.1002/cpdd.326
https://doi.org/10.1093/jat/15.1.1
http://refhub.elsevier.com/S1570-0232(21)00227-0/h0265
http://refhub.elsevier.com/S1570-0232(21)00227-0/h0265
http://refhub.elsevier.com/S1570-0232(21)00227-0/h0265
https://doi.org/10.1093/jat/26.3.157

	Analysis of 39 drugs and metabolites, including 8 glucuronide conjugates, in an upstream wastewater network via HPLC-MS/MS
	1 Introduction
	2 Materials
	3 Method development
	4 Method validation and quality control
	5 Application to wastewater samples
	6 Results and discussion
	6.1 Method development and validation results
	6.2 Results from case study
	6.3 Implications and future work

	7 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing interest
	Acknowledgements
	Funding
	Appendix A Supplementary material
	References


