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Abstract
Introduction Accurate data regarding opioid use, overdose, and treatment is important in guiding community efforts at combat-
ing the opioid epidemic. Wastewater-based epidemiology (WBE) is a potential method to quantify community-level trends of
opioid exposure beyond overdose data, which is the basis of most existing response efforts. However, most WBE efforts collect
parent opioid compounds (e.g., morphine) at wastewater treatment facilities, measuring opioid concentrations across large
catchment zones which typically represent an entire municipality. We sought to deploy a robotic sampling device at targeted
manholes within a city to semi-quantitatively detect opioid metabolites (e.g., morphine glucuronide) at a sub-city community
resolution.
Methods We deployed a robotic wastewater sampling platform at ten residential manholes in an urban municipality in North
Carolina, accounting for 44.5% of the total municipal population. Sampling devices comprised a robotic sampling arm with in
situ solid phase extraction, and collected hourly samples over 24-hour periods. We used targeted mass spectrometry to detect the
presence of a custom panel of opioids, naloxone, and buprenorphine.
Results Ten sampling sites were selected to be a representative survey of the entire municipality by integrating sewer network and
demographic GIS data. All eleven metabolites targeted were detected during the program. The average morphine milligram
equivalent (MME) across the nine illicit and prescription opioids, as excreted and detected in wastewater, was 49.1 (standard
deviation of 31.9) MME/day/1000-people. Codeine was detected most frequently (detection rate of 100%), and buprenorphine
was detected least frequently (12%). The presence of naloxone correlated with city data of known overdoses reversed by
emergency medical services in the prehospital setting.
Conclusion Wastewater-based epidemiologywith smart sewer selection and robotic wastewater collection is feasible to detect the
presence of specific opioids, naloxone, methadone, and buprenorphine within a city. These results suggest that wastewater
epidemiology could be used to detect patterns of opioid exposure and may ultimately provide information for opioid use disorder
(OUD) treatment and harm reduction programs.
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Introduction

Exposure to opioids continues to cause significant morbidity
and mortality in the USA. In 2017, over 47,000 deaths in the
USA were attributed to opioid overdose, making it the dead-
liest year of the recent opioid epidemic [1]. Measuring the
community-level success of opioid harm reduction and treat-
ment interventions is important to understanding their public
health impact. Most available public health data report chang-
es in opioid-related overdoses, deaths, incarceration, or trends
in opioid prescriptions filled [1, 2]. These data are used to
measure large scale changes in the opioid crisis but may miss
granular community level responses to the opioid epidemic.
Additionally, these public health outcome metrics are often
delayed and reported on a quarterly or annual basis. Non-
fatal overdoses, as estimated by emergency calls or visits to
emergency departments, have recently emerged as a timelier
data source, but they may miss important clusters of individ-
uals with opioid use who may experience overdose and rever-
sal with naloxone, yet never seek medical care.

In 2018, the USDepartment of Health and Human Services
(HHS) described the need for higher resolution, timely opioid-
related analysis, and outcomes data [3]. Innovative sources of
opioid metrics should ideally help communities gauge the
effectiveness of harm reduction and opioid use disorder treat-
ment programs on a frequent basis and allow communities to
adjust opioid outreach efforts based on empiric data of opioid
and naloxone use locally. A noninvasive real-time communi-
ty-level measurement of opioid exposure may help harm re-
duction interventions and advocacy groups improve their agil-
ity in responding to community challenges related to the opi-
oid epidemic.

One potential source of opioid outcome data is wastewater-
based epidemiology (WBE) [4, 5]. Analysis of wastewater at
treatment plants and local bodies of water has been success-
fully implemented to detect the presence of drugs including
opioids and inform public health efforts on a large scale [6, 7].
However, current sampling practices focused on treatment
plants are not sufficiently granular for stakeholders such as
municipalities or hospitals, who deploy and evaluate public
health intervention programs at the community-level.
Furthermore, because of the long transport times to treatment
plants, certain urinary metabolites (e.g., glucuronidated drug
metabolites) may only be amenable to detection if sampling is
conducted in city manholes located far upstream of treatment
plants [8]. By measuring the presence of opioid urinary me-
tabolites, WBE techniques cannot only measure the commu-
nity level burden of opioids but also assess the human expo-
sure to opioids [9–11].

Sampling wastewater from city manholes instead of treat-
ment plants requires novel methods to be developed. In this
manuscript, a novel platform to enable timely detection and
reporting of community-level opioid exposure through WBE

is described. The platform consists of computational selection
of optimal sampling sites in the sewer network, robotic sam-
pling of wastewater from citymanholes, and semi-quantitative
analysis of human opioid exposure. We present the first pilot
program of this novel WBE platform implemented in a mu-
nicipality in North Carolina in 2018. Insights from opioid
focused WBE strategies combined with other public data
sources like census data and emergency medical services
(EMS) overdose reports may help direct harm reduction inter-
ventions to the places and communities of greatest need.

Materials and Methods

WBE Opioid Exposure Monitoring Program

From June to November 2018, we implemented the WBE
opioid exposure monitoring program in a suburban munici-
pality in North Carolina as a pilot demonstration project. In
2017, the rate of fatal overdose in the municipality was 6.7 per
100,000 people, approximately one-third lower than the na-
tional average. The town recently experienced a local out-
break of increasing opioid misuse resulting in a 40% increase
in fatal overdoses and a 135% increase in non-fatal overdoses
between 2016 and 2017. We therefore sought to deploy our
WBE opioid exposure monitoring program to understand
where opioids were being consumed and the use of naloxone
in the community. This investigation was determined to be
non-human subjects research and therefore did not require
review from an Institutional Review Board.

Wastewater samples were taken every 2 weeks from June
to August, 2018, and monthly from September to November,
2018 (total of seven sampling weeks; samples 1–7). In addi-
tion, the incidence and locations of fatal and non-fatal over-
doses recorded from calls to the local EMS service in 2018
were obtained from the municipality and aggregated at the
catchment-level to serve as a comparison for the wastewater-
based data.

Selection of Optimal Sampling Sites in the Sewer
Network

We selected ten wastewater catchments for sampling (sites a-j)
representative of the entire municipality. These sites were se-
lected through a two-step process: computational identifica-
tion of potential sewer sampling sites (Fig. 1a), and confirma-
tion of sampling sites after physical inspection.

To identify potential sampling sites, we first obtained the
town wastewater network from the municipality’s public
works department. This network was overlaid with land use
data and census-based demographic data. The parcel-level
land use data was obtained from the municipality.
Demographic data was procured through SimplyAnalytics,
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Inc. (New York, NY), for the year 2018 at spatial resolution of
block group. All geographic information systems (GIS) anal-
yses were performed using ArcMAP v.10.6 (Esri, Redlands,
CA).

We applied a routing analysis in MATLAB (v. 2019a) in
order to compute maximum wastewater retention time and
demographic characteristics in the catchment area associated
with every segment of sewer network (e.g., the number of
people that live in buildings that are located upstream of the
each segment of sewer network). We identified potential sew-
er sampling sites (i.e., manholes) along the wastewater net-
work that satisfied the following inclusion criteria: a minimum
residential population of 4000 to ensure individual anonymity;

a maximum hydraulic retention time of 4 hours to ensure
molecular stability; and a minimum residential ratio of 90%
to obtain data most relevant to human activity.

Once potential sampling sites were identified, we selected
10 final sampling sites among them such that the associated
catchment areas together represented the average demograph-
ic composition of the municipality (Table 1). The final selec-
tion of sampling sites were also conducted in conjunction with
the mayor’s office and the municipal public works department
to confirm that none of the catchment areas included buildings
whose discharge could significantly affect data (e.g., hospitals
and factories) and that the selected manholes were accessible
for sampling (e.g., not on busy roads).

Table 1 Average demographic
characteristics of the municipality
and the ten residential catchments
sampled in this study.

Municipality Residential catchments in this study

Population 162,200 72,300 (44.5%)

Area 59.4 sq. mile 25.6 sq. mile (43.0%)

Median age* 38.7 (std = 7.5) 38.8 (std = 4.5)

Median household income* $129,200 (std = 46,700) $122,400 (std = 48,600)

White* 71.6% (std = 13.9%) 71.2% (std = 7.8%)

Black* 8.8% (std = 6.8%) 9.4% (std = 4.0%)

Asian* 13.4% (std = 10.4%) 12.5% (std = 7.8%)

Overdose rate in 2018 (/year/1000 people) 0.388 0.402

Standard deviation (std) for municipality was calculated based on block-level data

*Population-weighted average

Fig. 1 Schematics of upstreamwastewater-based epidemiology platform.
a Sampling sites and associated catchments. As compared with sampling
at a wastewater treatment plant (WWTP), sampling at upstream sites with
smaller catchments (site A, B) can achieve smaller hydraulic retention
time and higher spatial resolution. b Installation of sampling device in

manhole. Our sampling device is installed in a manhole using a suspen-
sion cable. c Robotic wastewater sampling and in situ solid phase extrac-
tion. The sampling device consists of two peristaltic pumps, a filter, a
water receptacle, and a SPE cartridge. d Data analytics and main param-
eters used. See Methods for details.
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Robotic Sampling of Wastewater

Wastewater samples were collected using battery-powered
sampling devices installed inside selected sewer manholes
(Fig. 1b). We designed the robotic sampling device consisting
of a filter, a water receptacle, and a solid-phase extraction
(SPE) cartridge (Fig. 1c). The sampling device was pro-
grammed to collect a composite wastewater sample, by sam-
pling every hour over 24 hours (time-proportional sampling).
At each hour, 450 mL of wastewater are collected from the
sewer using a peristaltic pump. Collected wastewater is im-
mediately processed through a Durapore 0.22 μm filter to
remove large particles and an Oasis HLB Solid-Phase
Extraction (SPE) cartridge to concentrate small molecules.
The effluent from the SPE cartridge is discarded back to the
sewer [12]. In each sample, a total of 10 L of wastewater are
processed through the SPE cartridge over 24 hours. This de-
vice is contained within a waterproof container and installed
using a suspension wire cable under a manhole cover (Fig.
1b).

All devices were installed inside manholes and retrieved
24 hours later. The SPE cartridge was removed and shipped
on ice for analysis upon sample retrieval. We considered a
composite sample suitable for analysis if at least 20 out of
24 hourly sampling collections were successful (i.e., total vol-
ume collected was at least 9 L). Out of 70 sampling events (7
time points at each of the 10 catchments), 59 (84%) passed for
analysis.

Semi-Quantitative Wastewater Analysis
by HPLC-MS/MS

SPE cartridges were eluted with 100% methanol, dried down
using a Vacufuge, and analyzed by high performance liquid
chromatography tandem-mass spectrometry (HPLC-MS/MS)
[13]. We used a library of human metabolites of heroin, fen-
tanyl, codeine, morphine, hydrocodone, hydromorphone,
oxycodone, oxymorphone, tramadol, methadone,
buprenorphine, and naloxone, as well as substances that serve
as positive controls, such as nicotine, acetaminophen, and
caffeine (Table 2). Measurement of drug metabolites, as op-
posed to parent drugs, provides a technical advantage in esti-
mating actual drug exposure, because the data are not con-
founded by the amounts of drugs dispensed in the sewer sys-
tem or “flushed down the toilet” without being used.

The presence of analytes was determined semi-
quantitatively by HPLC-MS/MS using an external standard
curve. An HPLC-MS/MS method was developed using certi-
fied reference materials purchased from Cerilliant
Corporation. An analyte was considered “detected” if it had
the same retention time, precursor ion, and fragmentation pat-
tern as the reference standard. The concentration of each ana-
lyte was measured using an external standard curve of

standards prepared in Milli-Q water. The aim of this study is
to provide a proof of concept of upstream WBE analysis.
Conducting fully quantitative analysis of human opioid expo-
sure is outside the scope of this study.

Data Analysis

Sample concentrations obtained through HPLC-MS/MS anal-
ysis (ng/mL) were converted to sewage concentration (ng/L),
collective excretion rates (mg/day/1000 people), collective
consumption rates (mg/day/1000 people), and total opioid ex-
posure rate (MME/day/1000 people) (Fig. 1d, supplemental
information) [9]. The collective consumption rates of most
substances in our panel can be estimated directly from a uri-
nary metabolite that uniquely identifies the parent drug (e.g.,
heroin was estimated from 6-monoacetylmorphine).
However, some opioids lack urinary metabolites that uniquely
identify them. Consumption of morphine, hydromorphone,
and oxymorphone were estimated after correcting for other
sources of their metabolic products (Table 2, supplemental
information). The dosage rate (doses/day/1000-people) of nal-
oxone was estimated by dividing the naloxone collective con-
sumption rate (mg/day/1000-people) by an average naloxone
dose (4 mg).

The data was further analyzed for correlations and visual-
ized in maps. Spearman correlation analysis was conducted in
Python 3 using the “spearmanr” function from scipy.stats. The
presence of opioids, buprenorphine, and naloxone was visu-
alized by overlaying the total opioid exposure rate and the
detection rate of the compounds in each catchment onto the
map of the municipality.

Results

Sampling Sites

The 10 catchment areas selected for sampling encompassed
44.5% of the population of the entire municipality, and the
demographic characteristics of the catchments were compara-
ble to those of the municipality (Table 1). For example, the
population-weighted average of the median age among the 10
selected catchments was 38.8 years, and that of the munici-
pality was 38.7 years (the population-weighted variance was
7.5 years). The sampling catchments were also spatially dis-
tributed across the municipality (Fig. 2).

Exposure to Illicit and Prescription Opioids

The total opioid exposure rate (MME/day/1000 people) for
illicit and prescription opioids was calculated for each sample.
The mean and standard deviation of the total opioid exposure
across samples was 49.1 and 31.9 MME/day/1000 people,
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respectively. We compared the rate of total opioid exposure
for each catchment (mean MME across all sampling time
points, June–November 2018) with the reported overdose rate
in 2018 (Fig. 2a, b), and no correlation was obtained
(Spearman’s correlation coefficient ρ = − 0.042, p value =
0.91).

All of the opioid metabolites targeted (Table 2) were de-
tected during the program, but with different detection rates in
each site (Fig. 3, Supplemental Table 1). Codeine (average
detection rate of 100%), tramadol (96%), hydrocodone
(80%), and oxycodone (68%) were detected frequently; fen-
tanyl (41%), heroin (39%), morphine (35%), oxymorphone
(18%), and hydromorphone (15%) were detected less fre-
quently. All the positive-control molecules (nicotine, acet-
aminophen, and caffeine), which are expected to be ubiqui-
tous in sewer samples, were present in all samples.

Treatment and Overdose Reversal Drugs

Exposures to methadone, buprenorphine, and naloxone were
also detected. The detection rate for methadone,
buprenorphine, and naloxone was 64%, 12%, and 55%, re-
spectively (Fig. 3, Supplemental Table 1). The detection rate
of buprenorphine and naloxone was mapped (Fig. 2c and d,
respectively) and compared with the reported overdose rate in
2018 (Fig. 2a). While our sample size was small and baseline
incidence of opioid overdose was low in this sample, we
found correlations between the catchment-level opioid

overdose rates and the detection rates of treatment and over-
dose reversal drugs. Buprenorphine exposure was significant-
ly correlated with opioid overdose rate, naloxone exposure
was weakly correlated, and methadone exposure did not cor-
relate with opioid overdose rate (buprenorphine: ρ = 0.79, p
value = 0.028; naloxone: ρ = 0.58, p value = 0.080; metha-
done: ρ = 0.41, p value = 0.23).

In 2018, the rate of reported overdose in the sampled com-
munities was 0.40/year/1000-people. If we assume that one
dose of naloxone is used at every reported overdose event, the
corresponding naloxone dosage rate in the sampled commu-
nities would be 0.40/year/1000-people. In contrast, using the
standard dose of naloxone (4 mg/dose) and our wastewater
data, the average collective dosage rate of naloxone was cal-
culated to be 0.027 doses/day/1000-people or 10 doses/year/
1000-people from our samples.

Discussion

This investigation demonstrates the feasibility of robotic col-
lection of wastewater from city manholes to measure exposure
to opioids in communities anonymously through upstream
wastewater analysis. We collected wastewater samples from
municipal sewer lines using an in-house robotic instrument that
automates in situ wastewater filtration and solid phase extrac-
tion. This technical innovation permits the capture of opioid
exposure data with high spatial resolution and accuracy due to

Table 2 Analytes used in the HPLC MS/MS method to estimate consumption of the listed substances.

Placeholder TextSubstance Type Analyte metabolite in HPLC MS/MS method MME conversion factor

Heroin Illicit 6-monoacetylmorphine Morphine-3-glucuronide* 3

Fentanyl Illicit/prescription Norfentanyl 100

Codeine Prescription Codeine-6ß-D-glucuronide Morphine-3-glucuronide* 0.15

Morphine Prescription Morphine-3-glucuronide 1

Hydrocodone Prescription Norhydrocodone Hydromorphone-glucuronide* 1

Hydromorphone Prescription Hydromorphone-glucuronide 4

Oxycodone Prescription Noroxycodone Oxymorphone-glucuronide* 1.5

Oxymorphone Prescription Oxymorphone-glucuronide 3

Tramadol Prescription O-desmethyl-cis-tramadol 0.1

Methadone Treatment 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP) 4**

Buprenorphine Treatment Norbuprenorphine-glucuronide 75**

Naloxone Overdose reversal Naloxone-3-glucuronide –

Nicotine Positive control Trans-3-hydroxycotinine –

Acetaminophen Positive control Acetaminophen –

Caffeine Positive control Caffeine –

All analytes in the method are urinary metabolites that indicate consumption and excretion

*Analytes marked with * are excreted after consuming the respective parent drug, but were not used to calculate consumption of that parent drug. These
analytes were used in the consumption calculation for morphine, hydromorphone, and oxymorphone (see supplemental information)

**MME conversion factors for methadone and buprenorphine are available, but they were not counted towards total opioid exposure rate in this study
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smaller molecule degradation as compared with analyzing
wastewater samples at wastewater treatment plants [14–16].

Indeed, we detected glucuronidated metabolites of opioids in-
dicating that we can directly measure human opioid exposure.

Fig. 2 a Reported opioid overdoses compared with b wastewater
measured opioid exposure, c naloxone, and d buprenorphine use in
selected 10 sampling sites (a-j). Overdose rate per site was calculated
based on the fatal and non-fatal overdose incidents recorded from calls
to the local EMS services and the residential population in each catch-
ment for 2018. Average opioid exposure rate (MME/day/1000-people)
was obtained by averaging the total opioid exposure rate, except for
methadone and buprenorphine (see Methods), over successful sampling
points for each site. Detection rates for buprenorphine and naloxone were

obtained by calculating the detection frequency of those drugs inferred
from their respective metabolites (see Table 2 and Methods). Detection
rate per site was calculated based on the total successful samples in each
site (59 samples: site a (n = 7), Site b (n = 7), site c (n = 4), site d (n = 6),
site e (n = 7), site f (n = 6), site g (n = 5), site h (n = 7), site i (n = 4), site j
(n = 6)). The maps were reproduced to maintain the spatial relationship
between the sampling sites, but do not represent their actual geospatial
locations or the actual city-wide boundary.
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This technique also allowed us to detect exposure to naloxone,
methadone, and buprenorphine in specific areas of the city,
providing insight into treatment and overdose reversals.
Additionally, selection of optimal maintenance whole sites
using our algorithm enhances our ability to generate data rep-
resentative of all demographic groups in a city [17].

ThisWBE strategy is a practical system to implement with-
in a municipality and is scalable to other municipalities. After
obtaining approval from the mayor’s office and the depart-
ment of public works, deploying upstream WBE requires
GIS-based wastewater network analysis and minimally inva-
sive installation of the sampling device, in addition to publicly
available demographic data. We were able to train public
works department employees to install our robotic collection
devices, which required minimal maintenance during the
study period. Our sampling method was also feasible; sam-
pling success rate during the investigation was 84%. Working
closely with officials within the municipality also reduced the
potential for data misuse and allowed us to ensure that citizens
were informed about the project and could have a voice in its
eventual applications. We also ensured that catchment sizes
were at least several thousand people to guarantee personal
anonymity. In future broad deployments of WBE, it will be
critical to continue partnering with city officials and to engage
privacy advocacy groups and legislators to create best prac-
tices that align with the interest of citizens.

This investigation faced several technical and analytical
limitations. First, wastewater sampling with our device failed

to produce a 100% success rate. The major mode of sampling
failure in this program was clogging of the inlet pickup strain-
er. Pickup strainers less prone to clogging have been devel-
oped since this program which we anticipate will alleviate this
issue. Second, uncertainties that derive from variability of
wastewater data need to be addressed. Our 24-hour composite
samples indicated significant variability of opioid concentra-
tion in sewage. This variability is attributable to both short-
term (~a few minutes) [18, 19] and daily variation of opioid
concentration in wastewater [9, 20]. To reduce uncertainty,
near-continuous sampling over seven consecutive days is sug-
gested [19]. Our robotic sampling device was designed to be
able to operate at a user-defined sampling mode (e.g., sam-
pling frequency, duration, and volume), and it can be easily
adapted to take more representative data in the future.

Finally, in order to obtain fully quantitative data, future
work remains to correct for the fidelity of extraction from
the SPE, the effects of the wastewater matrix on mass spec-
trometry measurements, and the stability of molecules in sew-
age. In this program, the extraction efficiency of SPE was
assumed to be 100%, but the actual extraction efficiency is
known to be molecular dependent and can be lower than 50%
[21]. For more accurate data analysis, the actual SPE extrac-
tion efficiency should be obtained for specific matrix and
analysis methods and used to correct the data. In our study,
we also ignored the effects of the wastewater matrix on the
mass spectrometer instrument, but future programs can correct
for these effects by using internal calibration curves or matrix-

Fig. 3 Detection rate of opioids,
treatment, and overdose reversal
drugs per site. Exposure to parent
drugs (y-axis) was inferred from
detection of their respective
metabolites (see Table 2 and
Methods). Detection rate per site
was calculated based on the total
successful samples in each site
(59 samples: site a (n = 7), site b
(n = 7), site c (n = 4), site d (n = 6),
site e (n = 7), site f (n = 6), site g
(n = 5), site h (n = 7), site i (n = 4),
site j (n = 6)).
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matched standard curves. Furthermore, we assumed the mo-
lecular stability in sewage to be 100%. This assumption is
reasonable given the short maximum retention time
(4 hours) that we designed, but some opioid metabolites
may still be broken down in sewage, raising the potential to
underestimate consumption, or even to report false negatives
[20, 22].

Despite these limitations, there are several major implica-
tions from this investigation. First, opioids and treatments me-
tabolized by humans can be mapped into specific communi-
ties and visualized using GIS techniques to generate maps of
community-level opioid exposure. As our opioid panel
broadens, patterns of use for specific opioids and treatment
drugs can be combined with existing overdose and other
opioid-related data to detect increasing opioid use portending
a local outbreak of increased opioid use disorder; help
policymakers and city planners allocate resources such as
EMS, needle exchange programs or even safe injection sites
to specific areas of high opioid use; detect communities in
which outreach, naloxone distribution, and increased surveil-
lance may be needed; and allow for mobile harm reduction
teams to relocate in anticipation of rising opioid use in differ-
ent communities. This data may also serve as a noninvasive
early warning sentinel, detecting increasing concentrations of
opioids in low consumption counties. In contrast to current
data sources, our WBE platform can generate reports 4 weeks
after data is collected. This is already a major improvement in
terms of timeliness, and iterative improvements and automa-
tion in sample collection and processing will further shorten
the time to reporting. These real-time insights can help cities
anticipate novel opioids and position resources in advance of
clusters of overdoses.

Second, the detection of naloxone glucuronide in sampling
catchment areas implies local concentrations of opioid over-
dose reversals, which may not be reported through EMS calls.
The average dosage rate of naloxone inferred from our waste-
water data (10 doses/year/1000-people) was 25 times greater
than the doses inferred from reported overdoses (0.40/year/
1000-people), suggesting that WBE monitoring may provide
a more comprehensive view of community overdose rever-
sals. However, naloxone is found in both Narcan (overdose
reversal drug) as well as Suboxone (buprenorphine/naloxone
treatment). Future studies should address how to correct for
the use of Suboxone, so wastewater naloxone data can be fully
leveraged to estimate the number of overdoses and evaluate
public health programming. The initiation of a naloxone dis-
tribution program in an area of high opioid overdose could be
monitored by measuring the change in naloxone metabolites
found in specific catchment areas, demonstrating that nalox-
one was distributed by the program and used in the same area
to reverse overdoses. Similarly, concentrations of
buprenorphine and methadone metabolites suggest local com-
munities where MAT may have penetrated and could be used

to measure uptake of buprenorphine as MAT during rollout of
treatment programs.

Overall, we have demonstrated the feasibility of deploying
a robotic wastewater sampling device to collect upstream
wastewater among communities thereby providing high reso-
lution visualization of opioid use across a city.Wewere able to
measure several important opioid metabolites and detect the
presence of naloxone glucuronide, a potential indicator of the
incidence of opioid overdose reversal. We were able to devel-
op simple guidelines to commence WBE monitoring pro-
grams, including the assessment of sampling locations, de-
ployment of a novel robotic device, and rapid assessment of
opioid exposure within a targeted municipality which can be
extrapolated to other vulnerable communities. In collaboration
with local communities and stakeholders, these analyses can
be expanded upon and used to detect patterns of opioid expo-
sure and overdose and may ultimately provide information for
opioid use disorder treatment and harm reduction programs.

Acknowledgements The authors would like to acknowledge Dr.
Elizabeth Kujawinski from Woods Hole Oceanographic Institution and
her research team for their support in the LC-MS/MS measurements.

Funding Sources PRC is funded by NIH K23DA044874,
R01DA047236, Gilead Sciences, and the Hans and Mavis Lopater
Psychosocial Foundation.

Compliance with Ethical Standards

Conflict of Interest MM is the CEO and co-founder of Biobot Analytics,
Inc. NE, CD, and KF are employees of Biobot Analytics. NG is President
and co-founder of Biobot Analytics

References

1. Scholl L, Seth P, Kariisa M, Wilson N, Baldwin G. Drug and
opioid-involved overdose deaths — United States, 2013–2017.
MMWR Morb Mortal Wkly Rep. 2019;67:1419–27. https://doi.
org/10.15585/mmwr.mm675152e1.

2. Hoppe JA, Nelson LS, Perrone J, Weiner SG. Prescribing Opioids
Safely in the Emergency Department (POSED) Study Investigators,
Prescribing Opioids Safely in the Emergency Department POSED
Study Investigators. Opioid Prescribing in a cross section of US
Emergency Departments. Ann Emerg Med. 2015;66:253–259.e1.
https://doi.org/10.1016/j.annemergmed.2015.03.026.

3. United States Department of Health and Human Services. Strategy
to combat opioid abuse, misuse, and overdose. 2018 Aug pp. 1–8.

4. Keshaviah A, Gitlin R, Cattell L, Reeves W, de Vallance J,
Thornton C. The potential of wastewater testing for rapid assess-
ment of opioid abuse (research brief). Princeton, NJ: Mathematica
Policy Research; 2016.

5. Keshaviah A, editor. The potential of wastewater testing for public
health and safety. Washington: Mathematica Policy Research;
2017.

6. Gushgari AJ, Venkatesan AK, Chen J, Steele JC, Halden RU.
Long-term tracking of opioid consumption in two United States
cities using wastewater-based epidemiology approach. Water Res.
2019;161:171–80. https://doi.org/10.1016/j.watres.2019.06.003.

J. Med. Toxicol.

https://doi.org/10.15585/mmwr.mm675152e1
https://doi.org/10.15585/mmwr.mm675152e1
https://doi.org/10.1016/j.annemergmed.2015.03.026
https://doi.org/10.1016/j.watres.2019.06.003


7. Bade R, Ghetia M, Nguyen L, Tscharke BJ, White JM, Gerber C.
Simultaneous determination of 24 opioids, stimulants and new psy-
choactive substances in wastewater. MethodsX. 2019;6:953–60.
https://doi.org/10.1016/j.mex.2019.04.016.

8. Matus et al. 24-hour multi-omics analysis of residential sewage
reflects human activity and informs public health. bioRxiv. 2019.

9. Zuccato E, Chiabrando C, Castiglioni S, Bagnati R, Fanelli R.
Estimating community drug abuse by wastewater analysis.
Environ Health Perspect. 2008;116:1027–32. https://doi.org/10.
1289/ehp.11022.

10. Irvine RJ, Kostakis C, Felgate PD, Jaehne EJ, Chen C, White JM.
Population drug use in Australia: a wastewater analysis. Forensic
Sci Int. 2011;210:69–73. https://doi.org/10.1016/j.forsciint.2011.
01.037.

11. Krizman-Matasic I, Kostanjevecki P, Ahel M, Terzic S.
Simultaneous analysis of opioid analgesics and their metabolites
in municipal wastewaters and river water by l iquid
chromatography-tandem mass spectrometry. J Chromatogr A.
2018;1533:102–11. https://doi.org/10.1016/j.chroma.2017.12.025.

12. Schulze T, Ahel M, Ahlheim J, Aït-Aïssa S, Brion F, Di Paolo C,
et al. Assessment of a novel device for onsite integrative large-
volume solid phase extraction of water samples to enable a com-
prehensive chemical and effect-based analysis. Sci Total Environ.
2017;581–582:350–8. https://doi.org/10.1016/j.scitotenv.2016.12.
140.

13. Gul W, Gul SW, Stamper B, Godfrey M, ElSohly MA. 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. New York,
NY: Springer New York; 2018;1810: 149–182. doi:https://doi.org/
10.1007/978-1-4939-8579-1_15.

14. Celma A, Sancho JV, Salgueiro-González N, et al. Simultaneous
determination of new psychoactive substances and illicit drugs in
sewage: potential of micro-liquid chromatography tandem mass
spectrometry in wastewater-based epidemiology. J Chromatogr A.
2019. https://doi.org/10.1016/j.chroma.2019.05.051.

15. Thai PK, Jiang G, Gernjak W, Yuan Z, Lai FY, Mueller JF. Effects
of sewer conditions on the degradation of selected illicit drug

residues in wastewater. Water Res. 2014;48:538–47. https://doi.
org/10.1016/j.watres.2013.10.019.

16. O'Brien JW, Banks APW, Novic AJ, Mueller JF, Jiang G, Ort C,
et al. Impact of in-sewer degradation of pharmaceutical and person-
al care products (PPCPs) population markers on a population mod-
el. Environ Sci Technol. 2017;51(7):3816–23. https://doi.org/10.
1021/acs.est.6b02755.

17. Archer JRH, Hudson S, Jackson O, Yamamoto T, Lovett C, Lee
HM, et al. Analysis of anonymized pooled urine in nine UK cities:
variation in classical recreational drug, novel psychoactive sub-
stance and anabolic steroid use. QJM : monthly journal of the
Association of Physicians. 2015;108:929–33. https://doi.org/10.
1093/qjmed/hcv058.

18. Ort C, LawrenceMG, Reungoat J, Mueller JF. Sampling for PPCPs
in wastewater systems: comparison of different sampling modes
and optimization strategies. Environ Sci Technol. 2010;44:6289–
96. https://doi.org/10.1021/es100778d.

19. Ort C, GujerW. Sampling for representativemicropollutant loads in
sewer systems. Water Sci Technol. 2006;54:169–76.

20. Baker DR, Očenášková V, Kvicalova M, Kasprzyk-Hordern B.
Drugs of abuse in wastewater and suspended particulate matter–
further developments in sewage epidemiology. Environ Int.
2012;48:28–38. https://doi.org/10.1016/j.envint.2012.06.014.

21. van Nuijs ALN, Castiglioni S, Tarcomnicu I, Postigo C, de Lopez
AM, Neels H, et al. Illicit drug consumption estimations derived
from wastewater analysis: a critical review. Sci Total Environ.
2011;409:3564–77. https://doi.org/10.1016/j.scitotenv.2010.05.
030.

22. Baker DR, Kasprzyk-Hordern B. Critical evaluation of methodolo-
gy 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. 2011;1218:8036–59. https://
doi.org/10.1016/j.chroma.2011.09.012.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

J. Med. Toxicol.

https://doi.org/10.1016/j.mex.2019.04.016
https://doi.org/10.1289/ehp.11022
https://doi.org/10.1289/ehp.11022
https://doi.org/10.1016/j.forsciint.2011.01.037
https://doi.org/10.1016/j.forsciint.2011.01.037
https://doi.org/10.1016/j.chroma.2017.12.025
https://doi.org/10.1016/j.scitotenv.2016.12.140
https://doi.org/10.1016/j.scitotenv.2016.12.140
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/10.1016/j.chroma.2019.05.051
https://doi.org/10.1016/j.watres.2013.10.019
https://doi.org/10.1016/j.watres.2013.10.019
https://doi.org/10.1021/acs.est.6b02755
https://doi.org/10.1021/acs.est.6b02755
https://doi.org/10.1093/qjmed/hcv058
https://doi.org/10.1093/qjmed/hcv058
https://doi.org/10.1021/es100778d
https://doi.org/10.1016/j.envint.2012.06.014
https://doi.org/10.1016/j.scitotenv.2010.05.030
https://doi.org/10.1016/j.scitotenv.2010.05.030
https://doi.org/10.1016/j.chroma.2011.09.012
https://doi.org/10.1016/j.chroma.2011.09.012

	Rapid Assessment of Opioid Exposure and Treatment in Cities Through Robotic Collection and Chemical Analysis of Wastewater
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and Methods
	WBE Opioid Exposure Monitoring Program
	Selection of Optimal Sampling Sites in the Sewer Network
	Robotic Sampling of Wastewater
	Semi-Quantitative Wastewater Analysis by HPLC-MS/MS
	Data Analysis

	Results
	Sampling Sites
	Exposure to Illicit and Prescription Opioids
	Treatment and Overdose Reversal Drugs

	Discussion
	References


