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• Drug use in Barcelona during 5 years assessed using  WBE.
• Alcohol, cannabis and cocaine were the most consumed drugs.
• Drug use increased from 2011 to 2015, contrary to national official data.
• Temporal trends of drug use were in agreement with regional official data.
• Consumption of alcohol, cocaine and MDMA increased during the weekend.



• Update on Sewage Chemical-Information Mining (SCIM) for assessing public health
• Additional endogenous biomarkers are proposed for targeted monitoring with SCIM.
• Challenges for SCIM include confounding aspects of sewage and data normalization.
• A new concept is proposed that avoids the need for data normalization.
• Biomarkers are needed that measure not just disease but also health.
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ADVANCES IN WASTEWATER-
BASED EPIDEMIOLOGY

PAST FUTURE



Pandemics 
timeline
&
WBE
timeline



FIRST STUDY ON  WBE IN BELFAST (UK)

ISOLATION OF  B. THYPOSUS FROM SEWAGE AND SHELFISH
W.James Wilson,M.D, D .Sc.

British Medical Journal, (1928)1,1061
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Illicit drugs, 
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OPFRs
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Health and Live style



Detection of small molecules as biomarkers

Detection of large molecules as biomarkers

Detection of viral proteins of SARS CoV2 by HRMS

WBE using MS (PCR, Sensors): Lab-based
surveillance method totally independent of health-
care access
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Detection of small molecules
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Top-down approach

Sampling Pretreatment Extraction Determination

DEVELOPMENT OF ANALYTICAL METHODS
UHPLC-QqQ-MS/MS
Target analysis

Exposure

Food and 
water

DustAir

Consumer 
products

Inhalation

Ingestion

Dermal

Sources Route of exposure Human metabolism Biomarkers of exposure

Urinary 
excretion 

HUMAN BIOMONITORING (HMB) STABILITY STUDIES

WASTEWATER ASSESSMENT



Compounds Biomarkers
Consumption of addictive substances
Illicit drugs

Cocainics Human metabolites (> benzoylecgonine)
Opiods Human metabolites and parent compounds
Cannabis Human metabolites (> tretrahydrocannabinoic acid)
Amphetaminics Parent compounds

Tobacco Parent compound (Nicotine) and HM (cotinine, 3′-hydroxycotinine, anabasine, anatabine)
Alcohol Human metabolites (ethyl sulfate)
Caffeine Parent compound (caffeine) and human metabolites (1,7-dimethyluric acid)
New psychoactive compounds Mostly parent compounds
Consumption of pharmaceuticals
Pharmaceuticals (NSAIDs, antibiotics, 

anticancerigens, etc..)
Mostly parent compounds and transformation products, human metabolites in very few cases

Food Consumption
Artificial sweeteners As parent compounds (they are neither, metabolized or degraded).
Exposure to contaminants
Organophosphorus flame retardants Human metabolites (hydroxylated)
Plasticizers and phthalates Human metabolites
Pesticides (Triazines, organophosphorus, 

organochlorine and pyrethroids)
Human metabolites (hydroxylated, dealkyl and acids)

Mycotoxins Specific metabolites
Prevalence of disease
Hepatitis B Lamivuline (pharmaceutical)
Stress 8-iso-prostaglandin F2α (PGF2α), its metabolite dinor-11β-Prostaglandin F2α (dnPGF2α) and 

Prostaglandin E2 (PGE2)
Diabetes Metformin (pharmaceutical)
Gout Oxyallopurinol (metabolite of a pharmaceutical allopurinol)
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Biomarkers



WBE to assess drug 
consumption: 
“Fallas of Valencia” 
as study case
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Daily consumption of the investigated drugs of abuse in 2014 in the influent from the 
WWTPs in the city of Valencia during Fallas 2014. 
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Bottom-up approach

BIOMARKERS IDENTIFICATION



Mass spectrometry criterion for Megestrol identification:
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❖ Metabolite Pilot
❖ Chemspider
❖ Metlin database 
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Identification of an EPH metabolite B) MS and C) MS/MS formed by demethylation
and oxidation obtained using the software Metabolite Pilot 2.0.

Identification of metabolites
and transformation products
of drugs of abuse
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WWTP Systems:
▪ Influent Water
▪ Water Treatment
▪ Water Reactor
▪ .....
▪ Effluent Water
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Detection of large molecules



Objectives: Environmental Proteomics-WBE

• To design a probe for the evaluation of synthetic organic matter degradation in natural and 
engineered systems based on a previously selected polymer.

Rivas et al. STOTEN, (2016), 566–567:27–33

• To study the degradation patterns of the polymer and its transformation products by MALDI-TOF 
MS IMAGING and UPLC-HR-MS. 

• To test the polymer probe in the different aquatic environments found in a WWTP :

– Specifically,  to examine chemical degradation and microbial community characterization in 
the influent flow (IN), in the anaerobic/anoxic bioreactor (ANA) and in the oxygen aeration 
tank (AER).  

• To characterize the taxonomical composition of microbial communities present in 
those aquatic environments, comparing the free-living with the polymer-attached 
ones.

• To perform Proteomic  discovery  of the key peptides and related pollution tracers   



Methods: Experimental setup

3 replicates per site
5 days + 1 blank (sterile conditions)
5 WWTPs

POLYCAPROLACTONEDIOL 1250

INLET (IN)
DenitrifyingTreatment

(ANA)

Secondary Treatment
(AER)



Water samples from 3 different sites of the
Gavà-Viladecans (Barcelona, Spain) wastewater
treatment plant were analyzed:

Influent 
water

Anoxic 
reactor

Effluent 
water

Three devices were placed per sampling point for 11 days

Polymer surfaces were cut and purified
Trypsin digestion

Orbitrap XL





500 µl 2% SDS,
50 mM DTT

75 mM Tris-HCl

Supernatant
300 µl

Surface slice
≈ 400 mg

3 sites
x

3 replicates
x

2 band sections

In-gel trypsin digestion

9 runs
Orbitrap

LC-MS/MS

Mix sections

rt 40 min

Supernantant Bullet Blender
250 µl Zr Silicate beads

3 min at 8

centrifuge 7 min

150 µl

30 min 99 ºC
800 rpm 

Thermomix

Concentration by 
SDS-PAGE



446 peptides (Proteome Discoverer)
678 peptides (PEAKS)

195 protein groups  (Proteome Discoverer)
501 protein groups  (PEAKS)

258 bacterial species (PEAKS)

LC-MS/MS SEARCH RESULTS

Proteome Discoverer
tryptic

2 miss-cleavages
20 ppm prec/0.8 Da frag

FDR 0.1% 

PEAKS
(includes de novo search)

tryptic
2 miss-cleavages

20 ppm prec/0.8 Da frag
FDR 0.1%

SEARCH PARAMS

175 protein names (PEAKS)
DATABASE

Human + Bacteria
Uniprot



Most Abundant Proteins
PEAKS search

abundance  =  int(100000 * peptides / mass)



In bacteria, elongation factor Tu plays a central role during the selection of the correct amino acids 
throughout the elongation phase of translation.

The amount of EF-Tu in the cell is equimolar to that of tRNA, while the total number of EF-Tu 
molecules is 8−14 times the number of ribosomes depending on growth conditions.2

elongation factor Tu 

wikipedia

60 KDa chaperonin
(GroEL)

ATP synthase

GroEL belongs to the chaperonin family of molecular chaperones, and is 
found in a large number of bacteria. It is required for the proper folding of 
many proteins. To function properly, GroEL requires the lid-like cochaperonin 
protein complex GroES. 

In eukaryotes the proteins Hsp60 and Hsp10 are structurally and functionally 
nearly identical to GroEL and GroES, respectively.

ATP synthase is an enzyme that creates the energy storage molecule adenosine triphosphate 
(ATP). ATP is the most commonly used "energy currency" of cells for all organisms. It is 
formed from adenosine diphosphate (ADP) and inorganic phosphate (Pi).

E. coli ATP synthase is the simplest known form of ATP synthase, with 8 different subunit 
types.



ASSESSMENT OF HEALTH STATUS, HABITS, AND BEHAVIORS OF THE 
POPULATION THROUGH WASTEWATER-BASED EPIDEMIOLOGY (WBE) BASED 

ON PROTEINS.
M.Carrascal, A. Ginebreda, J. Abián, D. Barceló. IIBB/IDAEA-CSIC.

Characterization of human protein biomarkers in sewage waters:  
presence in urban sewage waters of proteins from diverse origins, 
including human proteins such as uromodulin, α-amylase, and S100A8, 
which have been proposed as health à Wastewater Based 
Epidemiology (WBE).

(Carrascal et al. Stoten,2020
747:141145)
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Proteins Protein name Organism name Time 1 Time 2 Time 5
P35908 Keratin, type II cytoskeletal 2 epidermal Homo sapiens 7 10 5
Q6IFZ6 Keratin, type II cytoskeletal 1b Mus musculus 7 9 5
P04264 Keratin, type II cytoskeletal 1 Homo sapiens 12 17 6
Q981J9 60 kDa chaperonin 5 Mesorhizobium japonicum 1 1 1
B5YJN3 60 kDa chaperonin Thermodesulfovibrio yellowstonii 1 1 1
A1K436 60 kDa chaperonin 1 Azoarcus sp. 1 1 1
Q5P7G2 60 kDa chaperonin Aromatoleum aromaticum 1 1 1
A4G837 60 kDa chaperonin Herminiimonas arsenicoxydans 1 1 1
Q1H4F2 60 kDa chaperonin Methylobacillus flagellatus 1 1 1
A4SZV4 60 kDa chaperonin Polynucleobacter asymbioticus 1 1 1
Q3A0V2 60 kDa chaperonin Pelobacter carbinolicus 1 1 1
P13645 Keratin, type I cytoskeletal 10 Homo sapiens 1 9 2
P04259 Keratin, type II cytoskeletal 6B Homo sapiens 2 4 0
A8EV70 ATP synthase subunit beta Arcobacter butzleri 0 1 0
Q99895 Chymotrypsin-C Homo sapiens 0 6 0
P01876 Immunoglobulin heavy constant alpha 1 Homo sapiens 0 7 2
Q6FF97 Elongation factor Tu Acinetobacter baylyi 0 4 0
A3M1F6 Elongation factor Tu Acinetobacter baumannii 0 4 0
P09093 Chymotrypsin-like elastase family member 3A Homo sapiens 0 14 0
A5FLS1 ATP synthase subunit beta Flavobacterium johnsoniae 0 1 0
A1ALL7 ATP synthase subunit beta 1 Pelobacter propionicus 0 1 0
Q82XP8 ATP synthase subunit beta Nitrosomonas europaea 0 1 0
Q9Y6R7 IgGFc-binding protein Homo sapiens 0 1 0
Q14533 Keratin, type II cuticular Hb1 Homo sapiens 0 0 1
P78385 Keratin, type II cuticular Hb3 Homo sapiens 0 0 1
P78386 Keratin, type II cuticular Hb5 Homo sapiens 0 0 1
O43790 Keratin, type II cuticular Hb6 Homo sapiens 0 0 1
A5A6M5 Keratin, type I cuticular Ha1 Pan troglodytes 0 0 1
O76009 Keratin, type I cuticular Ha3-I Homo sapiens 0 0 1

ROIMCR-Regions of Interest-Multivariate Curve Resolution 
50% of the m/z  MS1 spectra from ROIMCR resolution matched MS1 signals- MS2 were 
taken.  When no MS2 fragments were present, no identification by-Protein Discovery 
523 Peptides corresponding to 35 different proteins from different  eukaryotic species: 
Human, Chicken, Rat or Mouse, bacterial species





WASTEWATER-BASED EPIDEMIOLOGY (WBE) BASED ON PROTEINS IN 10 
CATALAN WWTPs



WASTEWATER-BASED EPIDEMIOLOGY (WBE) BASED ON PROTEINS IN 10 
CATALAN WWTPs.



MALDI-TOF of Besos and Olot WWTP
10  (Besos)peaks and 7 (Olot(peaks) match the most abundant proteins 



LC/MS/MS of Besos and Olot WWTP: Confirmation of 
the  Proteins detected   by  MALDI-TOF



WASTEWATER-BASED EPIDEMIOLOGY (WBE) BASED ON PROTEINS IN 10 
CATALAN WWTPs.

Species distribution according to albumin protein. Presence of 
blood from main species (pigs, chicken, cows)  in wastewater-
illegal discharges to the WWTP . Sampling December 2020.



WASTEWATER-BASED EPIDEMIOLOGY (WBE) BASED ON PROTEINS IN 10 
CATALAN WWTPs: IMMUNOGLOBULIN.

Immunoglobulin  in feces : tentative biomarker for  people 
infected by SARS-CoV-2 or vaccinated  ( 1 Million  
vaccinated in Catalonia April 2021) or  bacteria, 

immunodeficiency ,myeloma



WBE, WaterAid 2020

41

06/10/21

WBE of SARS-CoV-2 in India using PCR by, Manish Kumar,Indian Institute of 
Technology,Gandhinagar, Gujarat, India , IDAEA-CSIC,ICRA, et al. Chemical 
Engineering Journal, 425 (2021)130635.
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WBE can definitely help in city zonation for effective COVID-19 pandemic preparedness
powered by early warning !!
What about effects of population density and condition of sewer systems?



Detection of viral proteins SARS COVID

Non-structural proteins
(present only in host cells)

o Enzymes
o Transcription factors

Structural proteins
(in the virion particle)

o S (spike)
o E (envelope)
o M (membrane)
o N (nucleocapsid)
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LC-Orbitrap-MS/MS

LC-IM-MS/MS

HCD fragmentation of the N165 glycopeptide carrying an asymmetric
biantennary glycan with a sialylated LacdiNAc structural motif.

cIMS of the m/z 657 fragment produced by fragmentation of the 
AGC(cam)LIGAEHVNN(dea)SYEC(cam)DIPIGAGIC(cam)ASYQTQTNSPR 
O-glycopeptide.
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General scheme for SARS-CoV-2 detection by MALDI-MS and ML

Prediction of SARS-CoV-2 using ML
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Scheme of establishing a diagnostic model for rapid 
screening of COVID-19 patients.



Step/parameter RT-PCR detection 31 DNA amplicon detection by 
MS 32, 33

Viral peptide detection by 
MALDI-MS 34

Viral peptide sequencing by LC-
ESI-MS/MS 35

Viral component recovery RNA RNA protein protein

Recovery time minutes minutes 1–2 h 1–2 h

Steps pre-analysis reverse transcription, 
denaturation, annealing, 
amplificationb

reverse transcription, 
denaturation, annealing, 
amplificationb

proteolytic digestion 
with/without 
reduction/alkylation

proteolytic digestion 
with/without reduction/alkylation

Pre-analysis time 30 min 30 min 4–14 hc 4–14 hc

Detection time 2–4 h few minutes few minutes 30 min – 1 h

Detection limit (copies) ~10 >10–102 32 > 105d 105–106

Reliability/confidence up to 95% high (with multiple 
amplicons detected)

high (with multiple peptides 
detected)

high (with multiple peptides 
sequenced)

Analysis cost/sample (USD) $10 $10-50 $100 $250

Instrument cost (USD) $20 K+ $100 K+ $100–1000 K+ $250–500 K+

a All times and figures are approximate only and depend on specific protocols and equipment employed. Citations are:
1. Da Silva et al. ACS Infect. Dis. 2020, 6, 2319-2336.
2. Xiu et al, J., Front. Microbiol. 2017, 8, 1510.
3. Wandernoth et al. Detection of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) by Mass Spectrometry. 2020, 12, 849.
4. Dollman et al. ACS Infect. Dis. 2020, 6, 3269-3276.
5. Nikolaev et al. J.Proteome Res. 2020, 19, 4393-4397.
b According to real-time RT-PCR detection of SARS-CoV-2 protocol, Institute Pasteur, Paris (https://www.who.int/docs/default-source/coronaviruse/real-time-rt-pcr-assays-for-the-detection-of-sars-cov-2-institut-

pasteur-paris.pdf).
cImprove using immobilized enzyme digestion to 1–2 h.
dImprove by one or two orders of magnitude with selected ion monitoring (SIM).



1. The identification of small molecules used as biomarkers is linked to the search of
HBM studies and to the advances in MS

2. Introduction of HR-MS and the improvement of raw data processing, identification
systems and applied bioinformatics has opened an important door to the discovery of
new useful biomarkers directly in wastewater.

3. However, this aspect of WBE is not yet resolved and the lack of human-specific
metabolites for some compounds and additional sources of transformation products
need to be addressed.

4. Solving these problems can be somewhat time-consuming due to the complexity of
wastewater.

Conclusions and Challenges

Shall we need to increase/cleanup /sample  preparation of the WWTP samples? 
Pros and cons to any of the answers should be carefully evaluated on a case-by-case basis.



5. Recently, there is an emerging interest in complementing the metabolite profile of
biomarkers determined in wastewater with proteomics.

6. Although the studies are still scarce, WBE of large molecules using MS got a lot of
possibilities using HRMS with non-target approaches and chemometrics

7. Problems in Proteomics -WBE remain, such as the prevalence of the bacterial
proteome versus human proteomes, being more difficult for the later.

8. Nevertheless, despite the limited number of studies that exist, several proteins of
human and animal origin have been identified that are related illegal discharges of
livestock blood (Albumin) , Covid-19 infection (immunoglobulin),human proteins
identified (Keratins,pancreatic enzymes,alpha-amylase, uromodulin,S100A8)

9. MALDI-TOF is a fast method to detect the most abundant proteins in WBE with
LC/MS/confirmation by LC/MS/MS

Conclusions and Challenges

Proteins and peptides related to humans as well as proteins and peptides from SARS-
CoV-2 and other viruses will be soon identified



9. Virus identification is the only field ofWBE whereMS is not prevalent
10. Sensitivity still needs to be resolved➔ the identification of these proteins in clinical

analysis is a reality of great help in diagnosis.
11. Biosensors- paper based and other devices, Little Middle Income Countries (LMICs)

lacking WWTP facilities- today´s problem of more than 1 billion people

Conclusions and Challenges

Should be able to find specific peptides from the nucleocapsid protein responsible of 
SARS-CoV-2 infection in WBE? 

This would always help to improve identification and, why not? Future is always going a 
step forward and this would be of help.

Do we need a more sensitive LC-MS/MS for SARS peptide specific detection in WWTP? 
Clearly yes, but the ADVANCES IN MS DOES NOT STOP. 
e.g. Ion mobility mass spectrometry and improve workflows in non-target analysis are 

enhancing sensitivity to unexpected extremes.



WBE 
concept & 
application 
in the 
world

https://doi.org/10.1016/j.jece.2021.105357

Low Middle Income Countries 
(LMICs),with no WWTP and on-site 
sanitation facilities  require more 
accessible tools for WBE, i.e, 
hotspot-based sampling and 
drainage-based sampling, 
Biosensors-paper based , others?

Latin America
Africa
East-Europe
Middle-East
Some points in 
Asia

WBE  SARS-CoV-2  with 
PCR, 184 papers, 67 
countries. March 2021

https://doi.org/10.1016/j.jece.2021.105357


Paper and other fibrous materials for biosensing applications

https://doi.org/10.3390/bios11050128

a) Two-dimensional flow design for sequential delivery of reagents or mixing; (b) three-
dimensional flow configurations; (c) open-channel microfluidic omniphobic paper; (d) Separation
membrane; (e)“on/off” fluidic switch; (f) hydrogel-driven paperbased microfluidics; (g) flow time
delays using dissolvable bridges and absorbent pads ; (h) slip device for one-step point-of-care
testing.

Schematic representation of a paper-based
analytical device (PAD) and its primary function
as a matrix for biomolecules immobilization,
functional materials, and microfluidic control.

https://doi.org/10.3390/bios11050128


Paper-based devices 
for SARS-CoV-2 in 
WBE



https://doi.org/10.1016/j.snb.2021.130169

SARS-CoV-2 nucleic acid detection workflow. RNA extracted from wastewater is amplified using a low cost thermo cycler and then placed onto 
PCB electrodes. 

Electrochemical sensing of SARS-CoV-2 amplicons with printed circuit
board (PCB) electrodes

Without the requirement for 
qPCR reagents 

https://doi.org/10.1016/j.snb.2021.130169


https://doi.org/10.1021/acsnano.0c02823

Field-Effect TransistorBased Biosensor

Schematic diagram of COVID-19 FET sensor operation procedure. Graphene as a sensing material is selected, and SARS-
CoV-2 spike antibody is conjugated onto the graphene sheet via 1-pyrenebutyric acid N-hydroxysuccinimide ester, which
is an interfacing molecule as a probe linker.

https://doi.org/10.1021/acsnano.0c02823
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