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Wastewater-based epidemiology (WBE) aims to understand a population’s
consumption habits, exposure to chemicals, and the prevalence of specific
diseases or pathogens. This is achieved by the chemical or biological/genomic
determination of biomarkers (e.g., excreted metabolic products), which are in
urban wastewater generated by that population. WBE has been mostly linked to
the determination of small molecules of human origin using liquid-
chromatography mass spectrometry (LC-MS). In this Perspective, we provide a
state-of-the-art and critical evaluation of further developments in the
information achieved by determining small molecules as well as the most
promising analytical techniques to enlarge the information obtained. By
simultaneously monitoring small and large molecules we can
comprehensively trace the population’s health by their consumption of
prescribed pharmaceuticals and illegal drugs, as well as by the amount of
excreted macromolecule biomarkers such as peptides and proteins. Moreover,
species-specific protein sequences allow us to monitor animal populations
reflecting farming and slaughterhouse activities (poultry, pigs. . .) or pest
occurrences (rats). To this end, the capability of proteomic studies using high-
resolution tandemmass spectrometry is highlighted and compared in the context
of other advances in the broader field of high-resolution mass
spectrometry (HRMS).
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1 Introduction

Wastewater-based epidemiology (WBE), also known as sewage epidemiology or
wastewater epidemiology, is an approach to monitoring public health by analyzing the
presence of various substances, including pathogens, chemicals, and drugs, in municipal
wastewater (Lorenzo and Picó, 2019; Singer et al., 2023). Figure 1 illustrates the rationale of
WBE. Wastewater can be considered as an anonymous pool of feces and urine and in a
lesser extent respiratory discharges of the population that is served by the wastewater
treatment plant (WWTP) (García-Encina, 2021). Figure 2 summarizes chronologically the
main steps in the evolution of WBE. Traditionally, this approach involves identifying
microorganisms and analyzing small molecules. Advancements in molecular techniques,
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such as qPCR and sequencing, have enabled the detection of viruses,
bacteria, and other potential pathogens. Since 2020, these techniques
have become increasingly important due to the need to control the
spread of SARS-CoV-2 (Barcellos et al., 2023). As with any research
related to SARS-CoV-2, there is an extensive literature on its
surveillance in wastewater (Amman and Bergthaler, 2022; Dutta
et al., 2022; Gonçalves et al., 2022; Greenbaum et al., 2022; Kumar
et al., 2022; Burdorf and Rugulies, 2023; Du Toit, 2023; Gahlot et al.,
2023; Hopkins et al., 2023; Oloye et al., 2023; Sodhi and Singh, 2023;
Tavazzi et al., 2023). This has resulted in a renaissance of WBE and
early warning systems based on pathogen surveillance (O’Brien and
Xagoraraki, 2019; Guo et al., 2022a; Guo et al., 2022b; Fitzmorris-
Brisolara et al., 2022; Demeter et al., 2023; Hassard et al., 2023; Shaw
et al., 2023; Wolfe et al., 2023)

On the other hand, WBE also place significant emphasis on
detecting small molecules and/or metabolites excreted by
humans. These substances can offer valuable insights into
population habits, particularities, and health status serving as
biomarkers (Vitale et al., 2021). In this aspect, WBE has been
closely linked to the development of liquid-chromatography
mass spectrometry (LC-MS) protocols. The recent advent of
high-resolution mass spectrometry (HRMS) has opened new
insights not only for the determination of target small molecules
but also for the application to larger ones (e.g., proteins) as well

as for expanding non-targeted “omic” approaches in this field
(Rice and Kasprzyk-Hordern, 2019).

In this Perspective article, we will discuss the recent advances of
MS-based WBE in the detection and monitoring of the metabolites
excreted by living beings in wastewater (including those from licit
and illicit drugs consumption), based on the analysis of small
molecules and the complementarity and role of proteomics,
which is still in a very early stage of development and exploitation.

2 State-of-art of WBE

Firstly, on the detection of small molecules, WBE first gained
recognition for monitoring the consumption of illegal drugs within
the population (Gao et al., 2023). A scheme of how this consumption
is estimated from wastewater analysis is shown in Supplementary
Figure S1. Many studies have addressed sampling, sample stability,
analytical protocol validation, and back-calculation of drug
consumption (Huizer et al., 2021). The examination of these
drugs primarily relied on solid-phase extraction (SPE) from
wastewater, coupled with subsequent targeted liquid
chromatography-tandem mass spectrometry (LC-MS/MS).
Passive samplers that provide a more representative sample in
time are also applied. Traditionally, the MS/MS analysis involved

FIGURE 1
Scheme of the WBE.
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triple quadrupoles or linear ion trap configurations; however,
contemporary practices have incorporated HRMS systems.
Furthermore, enantiomeric separation is particularly crucial in
WBE, as metabolism is often enantioselective and racemates
could be transformed in one or other enantiomers in the human
body (Langa et al., 2021). In any case, the analysis always follows a
targeted strategy as needed for the identification of minority
compounds. (Rousis et al., 2023). (Bio)sensors were developed to
enhance the speed and efficiency of WBE. These sensors play a
crucial role in rapidly detecting and measuring specific substances in
wastewater, contributing to the overall effectiveness and velocity of
WBE processes (Bilge et al., 2022; Kim et al., 2023). Their use
enabled quicker and more precise analysis of key biomarkers,
enhancing the capabilities of monitoring systems for various
substances in wastewater (Pan et al., 2022).

Most studies primarily sample from WWTPs to estimate drug
consumption trends in various regions (Shimko et al., 2021; Asadi et al.,
2023; Laimou-Geraniou et al., 2023). However, a growing number of
studies now employ WBE to monitor substance use in specific
communities, focusing on locations such as educational institutions,
prisons, music festivals, and sporting events, as well as on special dates,
such as, holidays (Verovšek et al., 2020). Advancements in technology
and theory have expanded the application of WBE to include surveys
on the consumption of legally sold addictive substances like alcohol,
nicotine, and caffeine (Gao et al., 2023).

In addition, fewer WBE studies explored other health
biomarkers like pharmaceuticals. The significant medical and
social implications of pharmaceutical misuse underscore the
necessity for comprehensive drug utilization research (Jaunay
et al., 2023; Massano et al., 2023). WBE has also been applied to
monitor temporal patterns of pharmaceutical use or document

interventions such as rescheduling (e.g., changing from over-the-
counter to prescription only), sales-restrictions, and educational
programs to influence prescription behaviour or consumer choice.
WBE can reveal shifts in pharmaceutical consumption patterns
during public health crises, like the COVID-19 pandemic (Picó
and Barceló, 2023). Although interest in WBE for pharmaceutical
monitoring is growing, further background research, including
addressing compound-specific uncertainties, is essential to
connect WBE data with routine pharmacoepidemiological
information and workflows. WBE presents the opportunity to 1)
estimate pharmaceutical consumption by analyzing metabolic
excretion products in wastewater; 2) continuously and near real-
time monitor spatial and temporal consumption patterns of
pharmaceuticals; and 3) cross-reference data with other drug
utilization research sources to evaluate the impact of strategies or
interventions aimed at reducing inappropriate pharmaceutical use
(Boogaerts et al., 2021)

Recently, WBE has evolved into a method for creating a city’s
fingerprint, indicating health, lifestyle habits, and exposure to
contaminants in comparison to other cities (Picó and Barceló,
2021a; Singer et al., 2023). This expansion is attributed to
identifying human biomarkers and profiling wastewater
catchment characteristics that define these conditions.

3 Perspectives and future applications

3.1 Within small molecule biomarkers

WBE shows potential for swiftly assessing the impact of
chemical contaminants and dietary nutrients on public health.

FIGURE 2
Chronological steps of WBE.
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Over the last decade,WBE studies have broadened tomonitor a wide
range of biomarkers and health determinants (HDs), including
pharmaceuticals (e.g., antibiotics, benzodiazepines), pesticides,
plasticizers, alcohol, tobacco, indicators of oxidative stress (e.g.,
isoprostanes), and so on (detailed list is outlined in the
Supplementary Table S1). WBE has also been proposed for
assessing nutritional status in human populations using reported
dietary metabolites and known linkages to health effects in human
populations (Bowes and Halden, 2019). Analytes examined included
1-methylhistidine (meat intake), isoflavones and lignans
(phytoestrogens), allyl isothiocyanates (cruciferous vegetables),
and alkyl resorcinols (whole-wheat intake). Results obtained from
theory identify WBE as a promising tool for tracking dietary trends
in human populations, since it can complement existing tools by
providing aggregated quantitative information regarding average
consumption.

One key challenge in Public Health is to understand substances
which individuals are exposed to in their work places and daily
routines. In this sense, Dr. Christopher Wild introduced the term
“exposome” in 2005, defining it as “every exposure to which an
individual is subjected from conception to death” (Wild, 2005; Wild,
2012). The exposome exhibits significant variability and undergoes
evolution throughout one’s lifespan. However, comprehending the
intricate interplay between environmental exposures such as air
pollutants, radiation, chemicals in consumer goods, extreme
weather conditions, pathogens, toxic substances, pesticides, heavy
metals, dietary factors, physical activity, medications, genetics,
epigenetics, and physiology remains a challenge. WBE is well-
suited for studying the exposome and its effects. However,
discovering biomarkers that reflect different population influences
has been challenging and has entailed significant analytical effort.
Picó and Barceló (2021a) classified the different methodological
schemes into 1) top-down and 2) bottom-up approaches. The top-
down approach, the most used in WBE, examines substance
metabolism in humans using human biomonitoring (HBM) data,
identifying suitable HDs and biomarkers for detection in
wastewater. This method involves studying human metabolism,
identifying urine-excreted substances, selecting highly
representative ones, developing analytical methods for their
determination, assessing their stability in wastewater, and
ultimately analyzing them in wastewater. The alternative bottom-
up approach involves non-targeted analysis of wastewater to identify
substances from human sources and evaluate their potential as
biomarkers. This method identifies various substances, including
biomarkers, transformation products, and other compounds,
through the application of non-targeted approaches involving
HRMS. The introduction of HRMS has created new avenues for
the identification of previously undiscovered chemicals of concern
since it can provide the more probable empirical formula and the
MS/MS spectrum to aid with structural elucidation (Gil-Solsona
et al., 2021). Despite being less utilized than the top-down approach
due to wastewater complexity, it holds promise for discovering
unknown substances critical to advancing WBE (Henriot et al.,
2024). Furthermore, advances in the most recent HRMS
instruments equipped with operational commercial or free tools
for wide-scope suspect screening and/or automatic annotation of
unknowns, have offered an unparalleled opportunity to decipher
those molecules that indicate exposure to pollutants (Picó and

Barceló, 2021b). These features permit to perform simultaneous
wide screening against a target list of compounds and non-target
with extensive searching in on-line databases and chemical
repositories housing MS/HRMS (such as ChemSpider, Human
Metabolism Database (HMDB), Massbank, Metlin, mzCloud,
NIST) and are highly promising to discover new biomarkers
(Gil-Solsona et al., 2021; Perez-Lopez et al., 2024).

Connecting marker concentrations in wastewater to human
exposure levels is challenging due to uncertainties in real sewer
system stability and marker excretion rates. Overcoming this
challenge involves conducting intensive human biomonitoring
using representative specimens alongside well-defined WBE
studies in specific catchments. Establishing correlations between
concentrations in wastewater and human biological samples can
help to forge these crucial links. Notably, Eaton et al. (2022)
developed a framework to help public health authorities decide
which HDs may be appropriate for WBE and which biomarkers
could be used. This framework consists of an assessment tree that
summarizes 1) the requirement for individual- or population-level
information, 2) alternative methodologies for monitoring the HD, 3)
the availability of a suitable biomarker, and 4) the requirement for
changes in biomarker levels to be reflective of changes in the
prevalence of the HD. This could through light to solve
challenges in the future.

WBE has the potential for real-time, tracking of progress in
attaining United Nations Sustainable Development Goals (SDGs)
globally as a non-expensive method using existing infrastructure. As
an example, Rousis et al. (2023) described that WBE approach can
be used to monitor the achievement of the SDGs, such as reducing
alcohol consumption and reducing the use of tobacco. In addition, it
can be applied to monitor total caffeine consumption and assess
levels according to the recommended daily safety limit as suggested
by the European Food Safety Authority. Furthermore, in a
promising effort, Adhikari and Halden (2022) compiled and
analyzed existing data to 1) inventory the totality of centralized
wastewater infrastructure globally, 2) identify countries featuring
and lacking such infrastructure, 3) determine the fraction of the
global population that is readily accessible to conventional WBE that
leverages centralized sewerage infrastructure, 4) rank countries
based on income level (as per UN“s” classification system) and
on other factors to identify geographic regions which could benefit
most from infrastructure improvements, and 5) compile an initial
list of wastewater-borne markers that hold promise for tracking
attainment of UN SDGs. Reviewing literature from 2005 to 2021, the
authors identified 25 classes of biomarkers, both endogenous and
exogenous, that can aid in tracking progress towards achieving the
SDGs. These biomarkers encompass hunger and stress hormones,
indicators for cardiovascular and pulmonary diseases, cancer, illicit
drugs, personal care products, surfactants, hazardous chemicals,
drug-resistant pathogens, antimicrobial-resistant genes (ARGs), and
psychotropic drugs. These biosignatures offer valuable insights for
monitoring SDG attainment.

WBE shows prospects in the growing field of the “One-Health”
approach. This approach integrates human, animal, and
environmental health efforts, offering a potential avenue to
predict and control diseases at the interface of human, animal,
and ecosystem interactions. The clearest example of this application
within the field of small chemical molecules analysis is to help in the
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study of antibiotic resistance spread in the environment. This is,
according to the WHO, a forefront challenge for the future of the
human being. Antibiotic residues, antibiotic-resistant bacteria, or
ARGs are detectable in wastewater and constitute a study system
that provides a wealth of information. In addition to the
identification of antimicrobial resistance (AMR) by several
microbiological techniques (Sims and Kasprzyk-Hordern,
2020; Chau et al., 2022; Foyle et al., 2023; Larsson et al., 2023;
Pandey et al., 2023; Sharma et al., 2023), it is crucial to monitor
and assess antibiotic presence in wastewater, and other
environmental matrices to address the problem of AMR. WBE
is potentially the most reliable approach to estimate antibiotics
use (Henriot et al., 2024).

WBE has an environmental safety aspect since many of these
small molecules of chemical compounds that humans use or are
exposed to directly or indirectly (including potential metabolites
and degradation products) are currently considered emerging
contaminants of concern (CECs). These molecules are initially
collected in sewer systems and, if the treatment in WWTPs is
ineffective in removing them, they are subsequently released into

the environment, posing associated problems. Interestingly,
Zillien et al. (2022) collated the fragmented knowledge and
data on in-sewer fate of CECs to develop practical guidelines
for water managers on how to deal with in-sewer fate of CECs. To
this end, these authors collected experimental half-lives of
96 organic CECs from literature to support environmental
modelling efforts and to optimize monitoring campaigns,
including field studies in the context of WBE. Furthermore, a
pending issue is also hospital wastewater, which is a complex
mixture of pharmaceuticals, drugs, and their metabolites as well
as different susceptible and antibiotic-resistant microorganisms,
including viruses. Many studies pointed out that wastewater
from healthcare facilities (including hospital wastewater),
significantly contributes to higher loads of CECs in municipal
wastewater. Because many pharmaceuticals, drugs, and
microorganisms can pass through wastewater treatment plants
without any significant change in their structure and toxicity and
enter surface waters, treatment technologies need to be improved
in terms of efficiency as well as economy (Mackull’ak
et al., 2021).

FIGURE 3
Distribution of Bacteria and Eukaryota proteins in the soluble fraction of wastewater and comparison with the particulate fraction (adapted from
Carrascal et al., 2023).
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3.2 Within proteomics field

Since more than 1 decade ago, proteomic studies can be found in
the literature as useful tools for the monitoring of changes occurring
in the complex microbiomes associated with biotechnological
processes such as those used in the treatment of wastewater and
sludge (Park et al., 2008; Westgate and Park, 2010; Kuhn et al., 2011;
Zhang et al., 2019). This research area is currently active and has
found recently specific applications, such as the effects caused by the
presence of toxicants in the proteome of the bacterial consortia
associated with the anammox process (Zhang et al., 2013; Wang
et al., 2021; Kennes-Veiga et al., 2022; Guzmán-Fierro et al., 2024).
Owing to these reasons, these proteomic studies are exclusively
focused on the prokaryote (i.e., microbial) fraction of the whole
wastewater proteome as ultimately responsible for the biological
treatment processes. In contrast, the eukaryote higher organisms’
proteome (i.e., plants, animals, and humans) has been systematically
disregarded, despite being a significant portion of it (the largest in
the water phase) (Figure 3).

The use of human proteins occurring in wastewater as
potential biomarkers in the assessment of community health

was conceptually suggested for the first time by Rice and
Kasprzyk-Horden (2019). Later on, Devianto and Sano (2023),
reviewed the feasibility of biosensor technology for the real-time
analysis of protein-based biomarkers to be used in early warning
WBE surveys of human disease. In their study, though a meta-
analysis based on 231 articles, they assessed the possible
candidate proteins taking into consideration their respective
concentration levels in urine and feces, their dilution in
wastewater, and available biosensors’ detection/quantification
limits AMR. These authors suggested up to 64 proteins present
either in feces or urine (including, among others, calprotectin and
uromodulin), as feasible biomarkers. Altogether, there is a
consensus on the requirements for a protein to be utilized as a
biomarker in WBE, namely, (a) a well-defined disease−biomarker
correlation, (b) its excretion must take place in sufficient amount
to allow for its analytical detection and quantification, once it is
diluted in wastewater, and (c) its stability both in vivo and in the
wastewater media must be ensured so that the integrity and
representativity of the sample are guaranteed. As for now, the
number of potential candidates is scarce and they have not
been proven yet.

TABLE 1 The 20 most abundant proteins in the wastewater samples based on the normalized number of MS/MS spectra identified (NSCs) (Carrascal et al.,
2023). STRCA: Ostrich; FELCA: Cat.

Accession Protein name Entry namea Coverage [%] # NSCs (Thousands)

Gene Species

P04746 Pancreatic alpha-amylase AMYP HUMAN 88 10.9

P0DUB6 Alpha-amylase 1A AMY1A HUMAN 86 10.5

P19961 Alpha-amylase 2B AMY2B HUMAN 88 9.6

P08835 Albumin ALBU PIG 93 8.8

P01834 Immunoglobulin kappa constant IGKC HUMAN 93 7.7

P01012 Ovalbumin OVAL CHICK 75 7.2

P02769 Albumin ALBU BOVIN 92 5.5

P01846 Ig lambda chain C region LAC PIG 97 4.8

P19121 Albumin ALBU CHICK 88 4.4

P02768 Albumin ALBU HUMAN 90 4.3

P83053 Pancreatic alpha-amylase AMYP STRCA 33 3.0

P00687 Alpha-amylase 1 AMY1 MOUSE 23 2.9

P0DOX7 Immunoglobulin kappa light chain IGK HUMAN 60 2.8

P01009 Alpha-1-antitrypsin A1AT HUMAN 60 2.7

P00690 Pancreatic alpha-amylase AMYP PIG 51 2.6

P14639 Albumin ALBU SHEEP 88 2.5

P00689 Pancreatic alpha-amylase AMYP RAT 28 2.4

P07478 Trypsin-2 TRY2 HUMAN 63 2.3

P07724 Albumin ALBU MOUSE 39 2.2

P49064 Albumin ALBU FELCA 32 2.2

P09571 Serotransferrin TRFE PIG 94 2.2

aUniProtKB/Swiss-Prot entry name. The two terms of the entry name (gene_species) have been separated for convenience.
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Despite the interest of proteins forWBEmanifested by the above-
referred authors, the need (and lack) for experimental research studies
addressed to this end is recognized. Advances in liquid
chromatography coupled with HR MS non-targeted shotgun
proteomic methods have enabled substantial progress in the
profiling of wastewater proteome (Picó and Barceló, 2021b) thus
allowing to achieve for the first time its comprehensive
characterization, encompassing both prokaryotes and eukaryotes
(Carrascal et al., 2020; Pérez-López et al., 2021) using passive
polymeric devices.

This seminal work paved the way for further research
(Carrascal et al., 2023) carried out at the influent collection
points of 10 WWTPs using optimized analytical methods for
both the soluble and particulate fractions that have been fully
described elsewhere (Sánchez-Jiménez et al., 2023). This
improved analyses of the wastewater proteome profile and
distinguished signals from different groups of organisms.
Overall, eukaryotic proteins, primarily from Chordata
(i.e., mammals and birds) but also from non-Chordata
(plants), were the major proteome components of the liquid
phase, followed by bacterial proteins, while the particulate phase
shows the opposite trend. Viral proteins were detected in small
quantities as well (Figure 3). Over 4,000 peptides, associated with
ca. 800 proteins (243 human), were identified through the
semiquantitative analysis of the main constituents (Table 1).
Despite not being a focused study on human epidemiology, it
provided valuable information regarding the presence of
endogenous human molecules potentially relevant to WBE.
Pancreatic enzymes, dominated by α-amylases, were the most
abundant human proteins identified in wastewater, making them
the primary markers of human presence. Blood proteins,
including albumin, Igs, and complement proteins, and skin-
derived proteins, such as keratins, were found in significant
amounts as well. A gene ontology analysis (DAVID)
(Sherman et al., 2022), highlighted several functional terms
that were enriched, such as those associated with the immune
response (Igs, calprotectin, lactoferrin, lipocain, and dermcidin)
or the anti-inflammatory response (meprin A, orosomucoid, and
the serpin family).

A potential application of protein biomarkers of great interest
would be the use of rat/mouse pancreatic amylases and
immunoglobulins to monitor rodent populations in urban areas
(Carrascal et al., 2023). Rat pests not only constitute a human health
hazard as potential disease transmitters but also a threat to the
integrity of infested infrastructures. Moreover, available rat pest
surveillance methods (i.e., live or photo trapping) are costly and
typically limited to point (local) monitoring.

The study of the wastewater proteome is currently in its
infancy, but their preliminary findings have prompted new and
unanticipated scientific inquiries. This is an outcome of our
limited understanding of the many aspects that influence
protein dynamics and fate during their journey from the
emission source to the sampling site, including the actual
discharge rates of these proteins over time, hydraulic retention
times, stability, and other uncertainties and confounding factors.
Still, the exploitation of the potential of proteins as health and
environmental biomarkers is deeply recognized as an invaluable

source of information about the population’s health and
lifestyle status.

4 Conclusion

WBE has expanded its potential to become a benchmark for
monitoring a population’s health and providing information of
the population discharges in wastewater. In order to expand the
scope of WBE, the effort made in the identification of small
molecules is crucial. WBE also has an important future in
monitoring the scope of the SDGs and to become a tool within
the global “One Health” system bridging the gap between human
and veterinary health. The development of faster monitoring
systems and advancements in mass spectrometry techniques
will make these achievements possible. However, we strongly
believe that the simultaneous use of small molecule chemical
analysis and proteomic identification is a powerful chemical
analytical tool in WBE. This methodology can be even
more sophisticated when combined with microbiological and
genetic information providing a comprehensive picture of
the powerful information that can be extracted from a given
wastewater sample.
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