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ABSTRACT: Ensuring water quality and safety requires the
effective detection of emerging contaminants, which present
significant risks to both human health and the environment.
Field deployable low-cost sensors provide solutions to detect
contaminants at their source and enable large-scale water quality
monitoring and management. Unfortunately, the availability and
utilization of such sensors remain limited. This Perspective
examines current sensing technologies for detecting emerging
contaminants and analyzes critical barriers, such as high costs, lack
of reliability, difficulties in implementation in real-world settings,
and lack of stakeholder involvement in sensor design. These
technical and nontechnical barriers severely hinder progression
from proof-of-concepts and negatively impact user experience
factors such as ease-of-use and actionability using sensing data, ultimately affecting successful translation and widespread adoption of
these technologies. We provide examples of specific sensing systems and explore key strategies to address the remaining scientific
challenges that must be overcome to translate these technologies into the field such as improving sensitivity, selectivity, robustness,
and performance in real-world water environments. Other critical aspects such as tailoring research to meet end-users’ requirements,
integrating cost considerations and consumer needs into the early prototype design, establishing standardized evaluation and
validation protocols, fostering academia-industry collaborations, maximizing data value by establishing data sharing initiatives, and
promoting workforce development are also discussed. The Perspective describes a set of guidelines for the development, translation,
and implementation of water quality sensors to swiftly and accurately detect, analyze, track, and manage contamination.

Development of Market-Ready Affordable Sensors

KEYWORDS: sensors, water monitoring, emerging contaminants, technology translation

1. INTRODUCTION: INNOVATIONS IN SENSING tris(2-chloroethyl) phosphate (TCEP) at 120 ng/L in source
TECHNOLOGIES TO IMPROVE WATER water and atrazine concentrations in the range of 30—50 ng/L in
MONITORING source, finished, and distributed water.” Effective monitoring of

water quality requires rapid and efficient testing in potentially
contaminated environments.’ However, the need to test a large
number of samples across various times and widespread
locations puts a considerable burden on specialized laboratories,
which rely primarily on traditional centralized instrumentation.
This lack of effective detection methods hinders swift
intervention and management of water resources.”

Traditional analytical methods for water quality monitoring,
such as solid-phase extraction coupled with liquid chromatog-
raphy-tandem mass spectrometry, have been proven effective in

Water pollution by emerging contaminants poses a significant
threat to human health and the environment." These
contaminants, spanning inorganic, organic, and biological
substances, are characterized by highly dynamic concentrations
depending on factors such as geographic locations, sources of
contamination, environmental conditions, and treatment
methods. For example, endocrine disrupting chemicals
(EDCs), flame retardants, pharmaceuticals, and personal care
products (PPCPs) are often found in urban areas and
downstream of water treatment plants at concentrations ranging
from ng/L to ug/L levels.” Similarly, microplastics and
engineered nanomaterials are increasingly being identified as Received: November 27, 2023 FUlpongd
emerging contaminants with potentially harmful effects on Revised:  January 12, 2024

ecosystems and public health.” Median concentrations of some Accepted:  January 12, 2024
of the most frequently detected compounds (atenolol, Published: February 1, 2024
carbamazepine, estrone, sulfamethoxazole) in U.S. drinking

water were typically less than 10 ng/L with some exceptions for
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Figure 1. Conceptual design and principal components of an integrated sensor device, incorporating a molecular receptor, transducer, signal processor,

and end-user interface, for emerging contaminant detection in water.

targeted analysis of known emerging contaminants.”® These
traditional methods typically feature a low limit of quantification
(LOQ), high precision and accuracy, and established opera-
tional and quality assurance and quality control (QA/QC)
protocols. However, these methods can be expensive and time-
consuming and require specialized equipment with highly
trained personnel, making them unsuitable for field monitoring
purposes. Current methods require grab sampling and the
shipment of samples to centralized laboratories for analysis,
which are both labor-intensive and cumbersome. Additionally,
most samples involve laborious pretreatment with toxic solvents
that by themselves can contaminate the environment.” For many
contaminants, there is a lack of environmental survey data and
methods that can rapidly monitor their presence in the field.”"

Sensor technology is a promising area of technological
development that can revolutionize water quality monitoring by
offering affordable, rapid solutions with unprecedented
spatiotemporal resolution.'”'> Sensors utilize chemical or
biological molecular receptors that are designed to selectively
respond to specific targets. A typical sensor integrates these
molecular receptors with transducers (e.g., optical or electro-
chemical devices), signal processors, and end-user interfaces
customized for a wide range of applications (Figure 1). They
hold the potential to measure various contaminants relevant to
water quality, such as heavy metals, pesticides, pharmaceuticals,
EDCs, as well as biological substances (e.g, bacteria or
viruses).B_15 Despite progress in academic research on sensing
technologies for water quality monitoring, their practical
implementation in the market, households, the public domain,
or regulatory frameworks remains limited.

There are many technical articles and reviews on sensors for
water monitoring,'®~>* For the purpose of this Perspective, we
focus primarily on the translational aspects of sensors for
emerging contaminants that can be deployed and used in field
settings, households, and treatment facilities. We discuss the
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status of these technologies in the context of technology
innovation for water quality testing, focusing on devices that
facilitate high-throughput analysis and have the potential to
bring them from the laboratory to the field for rapid
intervention. Although sensors for emerging water contaminants
have been extensively reported, their implementation for routine
monitoring has been limited. Most studies do not progress
beyond the proof-of-concept or laboratory validation stages,
with only a handful receiving validation in real-world settings
and even fewer advancing to commercialization and broad
adoption.”*™*° This landscape contrasts sharply with the
maturely commercialized water sensors that measure basic
physicochemical parameters, such as pH, temperature, dissolved
oxygen, and turbidity.”” Despite significant progress in academic
research and a deeper understanding of fundamental principles,
there has been no systematic discussion regarding why emerging
contaminant sensors have not achieved successful market
translation or widespread adoption in the industry, public, and
regulatory domains.

This Perspective identifies key scientific, technical, regulatory,
and economic challenges to transitioning research-driven sensor
advancements into validated field-ready devices.'®® Specifi-
cally, we focus on the translational aspects of these technologies,
investigate advantages and limitations, identify roadblocks, and
provide solutions to realizing their potential for real-world
applications. In addition to technical challenges, we discuss
some of the strategies to advance implementation such as
fostering academia-industry partnerships, considering stake-
holder engagement and affordability alongside other design
criteria, as well as addressing regulatory requirements.”” We also
propose strategies to overcome these challenges by leveraging
collaborative efforts among academia, industry partners, policy-
makers, and other important stakeholders (e.g, impacted
communities and public institutions). Through these endeavors,
we aim to demonstrate the potential impact of emerging
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Figure 2. Working principles of typical optical and electrochemical sensors for emerging contaminant detection, showing spectroscopic sensors based
on colorimetric (A), refractometric (B), fluorescent (C) and surface-enhanced Raman spectroscopic (D) transduction methods; and electrochemical
sensors based on molecular imprinting (E), immunosensors (F), aptasensors (G), enzyme sensors (H) and single particle collisions (I).

contaminant sensors in revolutionizing water quality monitoring
and ultimately safeguarding our invaluable water resources.

2. MECHANISMS OF ENVIRONMENTAL WATER
SENSORS

Emerging contaminant sensors, despite their promising
advantages, face several impediments in practical deployment.
One key limitation involves the necessity for sample pretreat-
ment, introducing time and resource-intensive processes. The
associated costs and lengthy fabrication protocols further
impede efficiency and scalability, challenging widespread
adoption. Automation and remote-control capabilities, critical
for real-time monitoring, are often absent, limiting adaptability.
Financial constraints arise as these sensors tend to be expensive,
raising concerns about their affordability, particularly in low
resource setting and large-scale applications over extensive
geographical areas.”” Additionally, their performance in real
environmental matrices encounters obstacles such as interfer-
ence from other substances and the need for frequent
calibration, compromising accuracy and reliability. Addressing
these multifaceted challenges is paramount for unlocking the full
potential of environmental sensors, ensuring their seamless
integration into diverse monitoring scenarios and advancing
their effectiveness in detecting and managing emerging
environmental contaminants.

A diverse range of sensors is currently under active
development for detecting emerging water contaminants,
encompassing an array of mechanisms and methodologies,
among which optical and electrochemical sensors are the most
prevalent (Figure 2). 182830 T4 enable selective binding,
recognition elements such as antibodies, aptamers, molecularly
imprinted polymers (MIPs), or alternative natural and synthetic
receptors are utilized.””> Among these, biosensors exhibit the
highest selectivity by relying on biomolecular recognition
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through affinity (e.g,, immunosensors, aptasensors) or catalytic
(enzyme-based) binding mechanisms. Nevertheless, maintain-
ing the stability and functionality of immobilized bioreceptors
for long-term use in operational environments remains a
challenge. By translating binding events into electrical or optical
signals, these sensors can effectively detect the presence of
contaminants. Optical sensors utilize light to probe and collect
information, eliminating the need for direct contact between
water samples and costly sensing elements. This advantage
reduces the maintenance requirements and makes optical
sensors an ideal modality for online, nondestructive, and real
time sensing. Electrochemical sensors, which monitor redox
reactions at electrode surfaces via voltammetry, amperometry, or
impedance, often demonstrate sensitivity greater than that of
their optical counterparts. Additionally, electrochemical sensors
can be miniaturized for in situ use and are insensitive to
interference from light-absorbing molecules and turbidity. Both
electrochemical and optical modalities can be integrated into
portable platforms such as lateral flow devices, miniaturized and
multiplexed probes, microfluidic systems (i.e., “lab on a chip”
devices), and can even be connected to digital platforms or
satellite imagery for remote assessment of expansive bodies of
water.”” An overview of these diverse detection mechanisms and
sensor types is provided below.

Optical sensors utilize the interaction between light and the
target analyte to generate a measurable light signal. Specifically,
these sensors provide the electronic or vibrational structures of
emerging contaminants as well as variations in light extinction or
refractive index induced upon binding with the target analytes.
Figure 2A demonstrates the operation of colorimetric sensors
that detect changes in a broadband spectrum of light transmitted
through a sensing medium when a target analyte is present. Low
cost colorimetric sensors have been demonstrated for the
detection of a variety of contaminants, such as of bisphenol A2
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heavy metals,>>*¢ pesticides, and other toxicants,”” but such

sensors typically cannot meet the regulatory requirements due
to their low sensitivity and limited quantitative performance.
Refractometric sensors, illustrated in Figure 2B, measure
variations in the incident light angle that results in minimal
reflected light intensity, known as a “surface plasmon resonance
(SPR) dip”, upon binding between the target analyte and the
sensor surface.’**’ Although refractometric sensors demon-
strated high sensitivity and quantitative performance for various
water pollutant analysis,”****" they need sophisticated optical
setup and are prone to interferences from complex water
matrices. Fluorescent sensors measure changes in fluorescence
intensity or lifetime of a fluorophore in the presence of the target
analyte (Figure 2C).*> Despite having high sensitivity for
detecting water pollutants, fluorescent sensors are subject to
photobleaching and lack multiplexing capabilities.”>** Surface-
enhanced Raman spectroscopy (SERS)-based sensors detect
Raman scattering from the target analytes or probe molecules
that indicate the presence of the target (Figure 2D).* SERS-
based sensors exhibits single-molecular/cellular sensitivity and
ﬁngel})rinting selectivity for water pollutant/pathogen anal-
ysis,"~* but they require costly Raman spectrometer and
plasmonic substrates.

Electrochemical sensors monitor the electrical properties
(e.g, current and voltage) generated by redox reactions
involving the target analyte. There are several types of
electrochemical sensors, including amperometric (current
measurement), potentiometric (voltage measurement), con-
ductometric (conductance measurement) devices, and more
recently developed single particle nanosensors (Figure 2E—
1).'%°% Different types of recognition elements, such as
molecular imprinted polymers, antibodies, aptamers, and
enzymes, can be functionalized onto electrode surfaces to
improve selectivity for target analytes (Figure 2E—H). A wide
variety of electrochemical sensors have been reported for the
detection of pharmaceuticals,51 phenols, pesticides, and heavy
metals.' > 7%

Biosensors utilize biological recognition elements (e.g,
enzymes, aptamers, and antibodies) to selectively bind target
analytes, resulting in a measurable response that is transduced
into an electrical or optical signal (e.g, enzyme-based sensors,
aptasensors, and immunosensors).”” Many examples of
biosensors have been reported for water pollutants,'® such as
pesticides,*® antibiotics, heavy metals, and endocrine disrupting
chemicals.”® Challenge of biosensing technologies in real world
environments include stability of the bioreceptor and the
nonspecific binding or passivation of other contaminants or
water constituents.

Acoustic wave sensors detect changes in mechanical
properties (e.g., mass loading or viscoelasticity) caused by the
adsorption or binding of target analytes onto a sensing surface.
Common acoustic wave sensor types include quartz crystal
microbalances (QCMs) and surface acoustic wave (SAW)
devices.”’

Ion-selective electrodes (ISEs) are one type of electro-
chemical sensor that measures ion concentrations in water
samples using a selective membrane designed to target specific
ions, such as heavy metals or nutrient ions. The potential
difference across the ion-selective membrane is indicative of the
concentration of the target ion in the solution, which can be
described by the Nernst equation.”® Several examples of low-
cost paper-based potentiometric sensors based on ISEs have
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been reported for chloride,”” cadmium, silver, sodium,”® and
heavy metals.”'

Microfluidic sensors integrate fluid handling, sample
processing, and sensing elements within miniaturized devices
to enable rapid and efficient water quality analysis. Microfluidic
sensors rely on principles such as laminar flow, capillary forces,
and diffusion in small-scale channels to manipulate liquids and
perform complex analytical tasks within compact devices.*”

Lab-on-a-chip (LOC) systems combine various sensor
technologies, along with microfluidics into a single platform
for multiplexed detection of multiple analytes in environmental
water samples. LOC systems typically involve integrating
multiple sensing elements (e.g, optical or electrochemical),
sample processing components (e.g., filtering or preconcentra-
tion), and microfluidic channels into a single device for portable
and high-throughput analysis.**

Remote sensing technologies use satellite imagery or aerial
photography to assess large-scale water quality parameters such
as turbidity, algal blooms, and temperature variations. Remote
sensing relies on the analysis of reflected or emitted electro-
magnetic radiation from water bodies to infer information about
their physical, chemical, or biological properties.”*

Smartphone reading devices enable the integration of low-
cost optical chemical and biological sensors with cameras, color-
reading applications, or image processing software from
smartphone devices. These devices provide a user-friendly
interface, allowing for easy operation. However, achieving high
levels of accuracy and sensitivity in analysis can be challenging.”®

Lateral flow devices (LFDs) provide rapid, affordable, and
simple analysis for a variety of targets binding to receptor
molecules stored on nitrocellulose membranes or wax-printed
chromatographic paper strips through colorimetric reactions.
LFDs have been well established and are currently used in many
clinical applications, providing qualitative analysis of many
targets (e.g, pregnancy test and COVID testing),”® but have
received less attention in the environmental field. LFD devices
provide qualitative information through naked-eye readout
within 5—30 min, depending on configuration, and can be used
by nontrained community users because of their simplicity.’”

3. DEVELOPMENT CYCLES AND PRACTICAL
STRATEGIES FOR ADVANCING MARKET-READY
SENSORS

The successful development of portable sensors necessitates the
integration of multiple components, including the immobiliza-
tion of chemical or biological receptors, optimization of a
physical transducer, and establishing communications between
the physical transducer with the signal amplification and
processing units. Furthermore, portable sensors require an
independent power source for field operations as well as
hardware/software to convert signals into a readable format.
Advanced sensors could in principle be interfaced with the
Internet of Things (IoT) and incorporate wireless communica-
tion units, automated sampling and data transmission, and
modern data analytics to aid in decision-making.”® While
frameworks for water monitoring using remote sensing and big
data have been developed,(’9 several limitations prevent the
widespread adoption of chem/bio sensing technologies with the
growing IoT. These include lack of integration of individual
components which prevents all-in-one analysis and operation by
nontechnical users, and the low spatiotemporal resolution for
measurements in real world environments to provide data at
relevant scales. Nevertheless, several examples of successful
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development of wireless low cost smartphone-based portable
sensors have been demonstrated for the spatiotemporal
mapping of nitrite’” and mercury’’ contamination in water,
showing the potential of such systems for water quality
monitoring. Careful consideration of availability, cost, and
seamless integration of these components into a portable and
deployable unit are vitally important for field-ready system
manufacturing and large-scale implementation.”” An overview
of the different development phases associated with environ-
mental sensors’ technology readiness levels is summarized in
Figure 3A.

Innovation in sensing technologies builds upon a robust
foundation of fundamental science, typically originating from
university research supported by public or governmental
funding. This initial development stage corresponds to
technology readiness levels (TRLs) 1—3, during which proof-
of-concept prototypes are created, guided by established
working principles and subjected to preliminary performance
evaluations.”” The vast majority of sensing technologies for
emerging contaminant detection are currently at TRLs 1-3
(Phase 1). Advancing to the next phase, which involves
commercial product development (Phase 2), requires market
research and customer discovery assessments to evaluate market
need, size, and target customer base. Further development
involves evaluation, validation, and standardization in relevant
environments (TRLs 4—S5), which results in the development of
a Minimum Viable Product (MVP) with design and perform-
ance characteristics based on customer feedback. TRLs 7—8
(Phase 3) focus on demonstrating capabilities in intended
operational environments and manufacturing individual and
integrated components. Alongside market research and
customer discovery efforts, this process is essential for
technology translation from early prototypes developed within
university laboratories to field-validated solutions. Effective
translation into portable systems with manufacturable compo-
nents enables large-scale market implementation and commerci-
alization (TRL 9).

The objective of developing market-ready sensors is to ensure
accurate measurements that reflect the true concentration of
analytes upon field deployment, fulfill the requirements of
intended application scenario, and do so within an acceptable
cost and time frame.”*”> We provide a step-by-step framework
for the development and validation of market-ready sensors for
emerging contaminant analysis, delineating four critical stages:
(1) identification of stakeholder needs, (2) designing and
conducting performance tests, (3) validating the analytical
method, and (4) executing field deployment alongside long-
term performance evaluations (Figure 4).

Stage I includes setting up key milestones and performance
requirements for the sensor, including sensitivity, selectivity,
stability, portability, user friendliness, and response time within
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Figure 4. Roadmap illustrating the development stages of market-ready
sensors for the analysis of emerging contaminants in water.
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the intended operational environment to ensure that the
developed sensors meet market needs and stakeholder expect-
ations. It is crucial to precisely define the sensitivity goals, such as
the limit of detection (LOD) and limit of quantification (LOQ),
based on typical emerging contaminant concentrations found in
specific matrices, as well as any existing health advisory levels
and maximum contaminant levels established by health and
regulatory authorities. Additionally, when determining sensi-
tivity goals, it is important to clearly specify the water matrix and
identify potential interfering substances that could impact the
sensor’s selectivity or longevity, such as analogs of the target
analytes or natural organic matter. Component availability, cost
and manufacturability should also be considered in selecting
sensor materials, transducers, and interfaces to ensure that scale
up is feasible and affordable. Early stakeholder engagement,
cocreation and coproduction of design specifications, and
collaboration in technology entrepreneurship have been
shown to positively impact and speed up translation to market,
and improve innovation performance.”””” Therefore, collabo-
ration between sensor developers and stakeholders is essential
for incorporating user needs into sensor development at this
stage.

Stage II involves the actual development of the sensor and
selection and integration of recognition elements, transducers,
and detection mechanisms. The utilization of advanced
materials and technologies, such as the use of nanoscale
materials and micro- and nanofabrication, has been shown to
facilitate miniaturization and improve the overall capabilities of
sensors for environmental contaminants detection.”””” For
example, nanomaterials such as nanoparticles, nanotubes,
nanowires, porous and functionalized nanointerfaces and
nanophotonic devices have demonstrated increased sensitivity
due to their large surface-area-to-volume ratio and unique
optoelectronic properties, and recent developments demon-
strate promise of nanosensing technologies for environmental
analysis.””*”*! However, first generations of nanotechnology-
enabled sensors still require improvement to address questions
related to nonspecific adsorption, potential aggregation, and
stability of nanomaterials’® as well as scalability of design
components and operability in complex environmental samples.
Advanced technologies, such as microfluidic liquid processing
device and machine learning, are pivotal in facilitating sensor
miniaturization, efficient deployment, and automation in both
sensor operations and data analysis and (near) real-time
emerging contaminant analysis. During this stage, the sensors
undergo testing with both standard and spiked samples, which
contain varying concentrations of targeted emerging contami-
nants. Key parameters, such as the LOD, LOQ, dynamic range,
response time, and cost, are determined experimentally. These
parameters must meet the objectives set in Stage I for the
subsequent development stage.

Once the market and customer needs have been identified and
an initial prototype has been developed, Stage III involves
further refinements and validation of the prototype and creation
of an early minimum viable product (MVP) tested in the
laboratory. At this stage, real samples, which are thoroughly
characterized and representative of the intended application
scenario, will be tested using both the novel sensors and
conventional techniques (e.g, LC-MS) to acquire the key
parameters of emerging contaminant analysis, such as recovery,
accuracy, and precision. Interlaboratory studies to demonstrate
robustness and broad applicability should also be performed at
this stage. Primary interferent components with emerging
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contaminant analysis should be identified and minimized by
necessary sample pretreatment (e.g, membrane filtration to
improve selectivity). Quantitative performance can be further
improved by iterations and optimizations in sensor/real sample
interfaces and precisely controlling and optimizing the proper-
ties of the transducer and receptor materials. Following
laboratory validation, Stage IV involves extensive field testing
to assess the sensor’s longevity and robustness. This stage
includes validation by multiple independent laboratories over an
extended period. Once the sensor successfully passes field
validation, the development of standardized operational
protocols for end users will be undertaken. During initial tests
by end wusers, additional improvements may involve the
development of customized algorithms for data analysis and
visualization. These improvements are designed to facilitate
easier interpretation of data, particularly benefiting less
experienced users.

4. WHY MOST SENSORS DO NOT MOVE FROM LAB TO
MARKET

The translation of proof-of-concept sensors for water con-
taminant detection into practical applications has faced various
technical and nontechnical challenges. Technical challenges
include managing batch-to-batch variations, minimizing inter-
ferences, ensuring robustness, and designing and integrating
receptors, transducers, and other device components to achieve
high precision, accuracy, longevity, and ease of operation in
analysis. Academic research often focuses on addressing specific
technical aspects of sensors such as enhancing the stability of
bioreceptors or improving the physicochemical performance of
transducers. However, a holistic consideration of the integration
of different components, including the user interfaces, merits
equal attention. Additionally, sensor validation under environ-
mentally relevant settings by standard analytical methods is
crucial for decision-making purposes. While some prototypes
may demonstrate satisfactory performance under controlled
laboratory conditions, their performance in the field may not be
as exemplary.”»*

Sensors that utilize synthetic or biological receptors are
especially vulnerable to selectivity and stability issues due to
their high sensitivity and potential for degradation.®’ Challenges
including nonspecific adsorption and inability to operate in
complex water matrices further compound these problems.
Furthermore, factors like cost, scalability, and manufacturability
pose additional hurdles to large-scale implementation and
should be taken into consideration during sensor design.
Unfortunately, the resources required for advancing sensor
manufacturing and performance validation in environmental
conditions are scarce since academic laboratories typically
prioritize fundamental scientific research over applied develop-
ment. Similar obstacles extend to sensor validation and quality
assurance/quality control (QA/QC), as a majority of reported
studies rely on standard solutions or, at best, spiked samples.
Rarely are the developed sensors tested with actual environ-
mental samples, and even more seldom is their validation against
standard analytical methods accompanied by the reporting of
accuracy and precision in adherence to stringent QA/QC
standards. Figure S provides an overview of technical challenges
faced by the developers of colorimetric, electrochemical, and
SERS-based sensors as well as potential areas for improvement
that will facilitate the successful translation of proof-of-concept
sensors into market-ready devices capable of accurately and
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Figure 5. Key challenges and development needs for the muost
commonly reported types of sensors with optical, electrochemical, and
SERS-based detection for emerging contaminants. In this context, we
separate SERS from other types of optical sensors because of its unique
advantages, including fingerprinting selectivity, label-free detection, and
multiplexed detection capabilities.

efficientl
tems.”>*

Nontechnical challenges mainly revolve around interdiscipli-
nary collaborations, market drivers, academic entrepreneurship
culture, and various partnerships with businesses, industries, and
governmental or regulatory communities (Figure 3B). Re-
searchers seldom engage with key stakeholders, such as
government agencies, water industry representatives, citizen
scientists, communities, and public institutions (e.g., schools), in
the early stages of sensor development. Consequently, the
sensors created may not align with the actual needs of these
stakeholders. Given the absence of a universal sensing
technology or toolbox, it is essential to foster widespread
communication to identify specific niches where these sensors
can be effectively deployed for broad-based applications.
Simultaneously, several translational challenges hinder progress
in this area, such as the absence of standard operating
procedures, market validation, consistent interlaboratory
reproducibility, and well-defined accuracy profiles, all of which
are critical elements for sensor validation. This deficiency in
robust validation practices has undermined investor and user
confidence, thus decelerating the commercialization of sensors
for detecting emerging contaminants. Moreover, the small
market size of emerging contaminant monitoring, coupled with
a shortage of professionals skilled in commercialization and
entrepreneurship in this area, further suppresses the rate of
technology transfer and stifles innovation in sensor-based
enterprises.

Another significant challenge stems from the increasing
number of unregulated emerging contaminants, with uncertain-
ties surrounding their health and environmental impacts, along

detecting emerging contaminants in water sys-
-8
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with the lengthy and complex environmental studies required to
establish safety limits. In addition, the criteria for regulating
pollutants differ across various water matrices, such as drinking
water, surface water, and wastewater effluents, but these criteria
remain ill-defined for most emerging contaminants. Con-
sequently, there is often no clear sensitivity target or defined
application scenario for the development of sensors for many of
these substances. This ambiguity further delays the progression
and thorough evaluation of new sensing technologies. Although
many sensors have been developed and some have been
validated,** analysis is still largely done with conventional
laboratory techniques, while efforts in the sensing field
concentrate on advancing capabilities through the use of new
materials such as carbon nanotubes® rather than addressing
market drivers, manufacturing, industry and customers’ needs.
In other cases, such as the class of the more recently identified
contaminants, i.e., PFAS, although the need for sensors is widely
recognized,”® reported sensors lack the required selectivity and
sensitivity, in some cases by several orders of ma}gnitude (e.g, 10
ppm with a colorimetric paper based approach®’) as compared
to the EPA advisory limits in the low ppt. Other more sensitive
MIP-based electrochemical sensors report LODs down to 20
ppt but lack selectivity and are prone to interferences from
cocontaminants such as chloride and humic acid.**™"°
Consequently, delays in identifying technological needs and
testing re%uirements for sensing devices further impede
progress.b’ 7

To facilitate rapid technology translation from research to
application, it is vital to prioritize strategic investment in
intellectual property (IP) protection, going beyond just
academic publication. According to a recent study, although
publications in the field of nanosensors have increased in recent
years, patent applications for nanosensors have seen a
concurrent decline.”’ This may be attributed to insufficient
research funding and a lack of incentives for studies on sensor
validation, prototyping, and field testing—activities typically of
greater interest to industry than academia. The predominance of
basic research, driven more by scientific curiosity than by
stakeholder or market needs, can impede timely technology
translation. To overcome this challenge, there is a need to
establish an iterative feedback loop process that fosters
collaboration among researchers, industry experts, governmen-
tal/environmental professionals, community members, and
citizen scientists, especially those in disadvantaged, low-resource
areas highly impacted by chemical exposures. Such engagement
of key stakeholders and groups often excluded from technology
development is crucial to ensure emerging detection tools meet
the real-world needs of communities most affected but lacking a
means for assessing water contaminants. This collaborative
process allows stakeholders to provide input during the early
design stages, ensuring that device specifications align with
market demands. Overcoming roadblocks requires addressing
not only technical aspects but also business strategies,
stakeholder influence, regulations, legal considerations, and
the availability of human and financial resources. Aligning these
factors will accelerate the conversion of proof-of-concept devices
into field deployment.”®””

5. STRATEGIC OBJECTIVES AND BEST PRACTICES TO
OVERCOME ROADBLOCKS

The presented overview of sensing technologies for emerging
contaminant detection highlights the requirements for signifi-
cant advancements in addressing both technical and non-
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technical challenges to accelerate innovation (Table 1). In this
section, we identify nine key objectives and propose potential
solutions that can facilitate bridging the gap between the
laboratory and the market.

Objective 1: Improving Sensitivity and Selectivity of
Current Sensor Technologies. Achieving the necessary
sensitivity and selectivity in complex environmental matrices
while differentiating among various contaminants remains a
persistent challenge. To address this, ongoing research focuses
on the development of advanced transducer materials/modal-
ities and receptor interfaces,””* which involves collaborations
between material scientists, biochemists, analytical chemists,
and engineers. By leveraging interdisciplinary expertise, sensor
development can focus on enhancing the sensitivity, selectivity,
and stability for detecting trace levels of emerging water
contaminants in compliance with regulatory standards. In-
novative approaches such as employing novel synthetic
receptors and biorecognition elements like aptamers and
peptides show promise in increasing selectivity.”> On the
transducer side, the integration of hybrid materials combining
the advantageous properties of organic and inorganic
components can improve transduction and sensing perform-
ance.*’ Introducing new surface functionalities and coatings to
enhance analyte capture and prevent nonspecific adsorption
offers a way to reduce false positives and enhance the accuracy of
analysis. To further enhance detection capabilities, integration
of diverse transduction methods, such as optical and electro-
chemical techniques, into a single platform can be explored. By
combination of the advantages of both techniques, a
comprehensive and reliable approach for water contaminant
detection can be created. Developing multianalyte sensor arrays
and biosensors utilizing different biorecognition elements with
high selectivity toward specific target analytes enables
simultaneous detection and identification of various classes of
water contaminants. In-line sample pretreatment modules, e.g,,
membrane filtration or hydrogen peroxide oxidation, may
efficiently reduce the fouling of sensor surfaces. In terms of
data processing, machine learning-driven sensing proves
valuable in systematically categorizing data and training systems
for prediction and deconvolution of responses toward specific
targets. Multivariate chemometric techniques like principal
component analysis enable rapid differentiation of multiple
contaminants. To ensure a reliable and accurate sensor
performance, comprehensive validation is necessary. Sensor
testing should be conducted in real water matrices, such as
wastewater and surface water, in addition to synthetic water
samples. Comparative validation against established analytical
methods allows for the assessment of relative sensitivity,
selectivity, and accuracy. Furthermore, operational and long-
term testing of sensors should be conducted under various
environmental conditions, including temperature and humidity
encountered in field applications.”

Objective 2: Integrating Real-Time, In Situ Monitoring
Capabilities. To improve the field performance of sensors
under diverse environmental conditions, it is essential to address
several key considerations. First, many existing sensors lack real-
time, continuous, and autonomous operating capabilities. While
low-cost colorimetric or electrochemical strips can be used as
point-of-use sensors in specific locations such as water treatment
plants, these chemical assays require humans to perform
experiments and data inspection, significantly limiting their
throughput. Advanced designs with the potential for integration
with wireless communication and IoT technologies can
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overcome this limitation. Collaborating with IoT experts can
help leverage the full potential of connected sensing devices that
incorporate low-power wireless communication protocols (e.g.,
LoRaWAN, Sigfox) and enable real-time data transmission and
analysis, which is particularly valuable for remote sensing
purposes.”” Additionally, to facilitate continuous and autono-
mous monitoring, sensors should be equipped with energy
harvesting modules such as solar cells to eliminate the need for
battery replacement or recharging. Developing user-friendly
software platforms for data visualization, analysis, and manage-
ment is essential for real-time water monitoring. By integration
of machine learning algorithms into the software design,
automated data processing can be achieved, facilitating informed
decision-making. From a manufacturing and business perspec-
tive, designing modular sensing platforms that can be easily
upgraded or adapted to monitor different contaminants as
needed provides a customizable solution for diverse markets.
Calibration is critical in sensor implementation, as sensor drifts
may occur in fleld applications. To address this, calibration
strategies should be developed and standardized to account for
variations in environmental conditions, including the temper-
ature, pH, salinity, and humidity during real-time monitoring
applications. It is important to test and optimize the capabilities,
communication ranges, and data transmission of these sensors
under various environmental conditions. The operational
protocol of the minimum viable product (MVP) should include
protocols for regular maintenance and calibration of deployed
sensors to ensure long-term monitoring accuracy.

Objective 3: Reduce Cost and Complexity of Current
Analytical Methods. Sensing research aims to create cost-
effective, portable, and miniaturized platforms that complement
and expedite analysis in large-scale water quality monitoring. To
achieve this, strategies must be implemented to reduce the cost
and complexity associated with the current analytical methods.
One approach is the mass production of affordable sensor
components by leveraging advanced manufacturing tools such as
3D- and screen-printing, which can lower production cost and
increase scalability. Integration of individual sensor components
such as receptors, transducers, and data processing units is
crucial for successful field deployment. Microfluidics technology
offers opportunities for miniaturization and the integration of
multiple sensors into a single device. Ideally, fully integrated
chip-based sensing systems should seamlessly integrate with
existing water quality monitoring infrastructure and may even
include sampling units to streamline analysis workflows. To
ensure the reliability and cost-effectiveness of integrated sensors,
their performance should be benchmarked against established
laboratory methods, demonstrating analytical quality without
compromising affordability. The cost of maintenance during
long-term water quality monitoring can rival that of sensor
manufacturing. Consequently, research into strategies that
reduce the frequency of sensor calibration and replacement,
such as integrating soft and hard sensors, should be prioritized
on par with sensor development.” Technology evaluation and
validation should involve stakeholder engagement, including
water utilities and regulatory agencies, to identify target
contaminants and prioritize platform development efforts
accordingly. Prototype designs and performance goals should
align with market analysis, ensuring that the developed sensors
address the market needs effectively. Assessing the market
viability and exploring potential commercialization pathways are
key steps in this process. Early collaboration between academic
researchers, industry partners, and end-users during the design
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stage is highly recommended to align technology development
with the specific needs of end-users. Industry-academia
workshops and training sessions that educate relevant stake-
holders on the use of the developed sensing platforms are
particularly effective in fostering collaboration and coproduction
of knowledge.

Objective 4: Ensure Robustness, Operational Perform-
ance, and Applicability in Complex Environmental
Matrices. The primary objective of sensor research is to
engineer robust sensors that perform reliably across diverse
environmental conditions and water matrices. However, many
sensors developed in the laboratory falter under field conditions
due to matrix effects and signal drift. To address these
challenges, implementing efficient sample pretreatment techni-
ques, such as solid-phase extraction and membrane filtration, is
critical to remove interfering substances from environmental
samples. Calibration strategies must be developed to account for
matrix effects and varying environmental conditions encoun-
tered during field applications to ensure accurate analysis.
Furthermore, sensor aging and fouling should be considered in
long-term monitoring studies within complex environmental
matrices. The implementation of advanced materials, such as
antifouling coatings, can minimize biofouling and prevent
deterioration of sensor performance over time.”® It is crucial
to evaluate sensor performance and stability in various
environmental matrices, including wastewater, surface water,
and groundwater, to assess their general applicability across
diverse conditions. Exploring the use of reference materials or
internal standards can help compensate for potential matrix
effects or device-intrinsic signal drift and improve analytical
accuracy. Regular maintenance, cleaning, and calibration of
deployed sensors are essential to ensuring reliable operation in
challenging environments. Benchmarking sensor performance
against established methods for blind water sample testing
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during the development stage is necessary to demonstrate
robustness and suitability for field applications before
commercialization.

Objective 5: Include Component Integration, Port-
ability, and Scalability in Early Prototype Design. When
developing field-deployable water sensors are developed, it
becomes imperative to consider cost, portability, and
manufacturability as crucial factors for large-scale utilization
and commercialization. It is essential to bridge the gap between
academic sensing research and market viability by addressing
these factors early in the design stage. Oftentimes, academic
research tends to prioritize sensor performance, e.g., reducing
the LOD/LOQ, while overlooking the cost of materials,
individual components, integration, miniaturization, and adapt-
ability. As a result, laboratory prototypes may meet the required
performance criteria but are insufficient for market acceptance.
Tailoring solutions to meet the specific demands of various
application scenarios requires effective balancing of cost and
performance effectively. To ensure the marketability and
commercial viability of laboratory-developed prototypes, it is
recommended that considerations of cost and manufacturability
be incorporated from the outset of the design process. This
entails evaluating the cost of materials and components,
optimizing the design for enhanced portability, and assessing
the feasibility of mass production. Collaborating with business
experts can facilitate the development of a pricing strategy and a
comprehensive plan for scaling up production, thereby ensuring
that the sensors are not only effective but also economically
viable for large-scale deployment. Additionally, consulting with
potential end users early in the design process can yield valuable
insights into the preferred size, portability, and pricing of the
final product.

Objective 6: Develop Standardized Testing Protocols
and Interlaboratory Studies for Evaluating Sensor
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Performance. To enable field deployability and commercial-
ization of environmental water sensors, the development of
universally accepted performance metrics and testing protocols
is crucial. These protocols should encompass representative
sample matrices (e.g., wastewater, surface water) and relevant
environmental conditions (e.g., temperature and pH). Collab-
orative efforts involving researchers, industry partners, and end-
users can be instrumental in forming expert committees that
develop consensus-based standards for evaluating environ-
mental water sensors. Defining universally accepted perform-
ance metrics such as sensitivity, selectivity, and response time is
equally important for facilitating meaningful comparisons
among different sensor technologies. Furthermore, as sensing
technologies and minimum viable products (MVPs) reach the
deployment stage, interlaboratory comparison studies should be
promoted to validate the developed protocols and ensure their
applicability across diverse research groups and institutions.”””*
Engaging international standards organizations, such as the
International Organization for Standardization (ISO), in the
validation efforts will foster global harmonization and accept-
ance of the established testing protocols. By establishing
standardized testing protocols and performance metrics, the
environmental sensing community can facilitate technology
validation, comparison, and adoption. This concerted effect will
contribute to the field deployability and commercial viability of
environmental water sensors, providing stakeholders with
reliable and consistent data for effective water quality
monitoring and management.

Objective 7: Validate and Deploy Sensor and Collect
Data on the Occurrence, Fate, and Effects of Emerging
Contaminants in Relevant Environments, Side-by-Side
with Conventional Methods. The data generated by sensors
can greatly assist water monitoring communities in identifying
areas of contamination and in facilitating swift intervention. To
ensure effective comparison and integration of results, it is
essential to employ standardized procedures for data collection
and reporting across different research groups and communities,
in accordance with guidelines for method performance require-
ments as per ISO, AOAC, and IUPAC validation criteria. Figure
6 summarizes the hierarchy of validation objectives for single
and interlaboratory validation and relationship with perform-
ance specification and implementation. Many excellent
resources exists which provide guidelines for analytical method
development and determination of validation parame-
ters.”"">">?7 7100 If sensors are to be implemented at large
scale, the generation of large volumes of data necessitates the
utilization of advanced data analysis techniques, such as machine
learning and geographic information systems (GIS), to integrate
diverse data sets and uncover valuable insights into the
occurrence, fate, and impacts of emerging contaminants.
Integration of low-cost sensors with smartphones and the IoT
infrastructure shows promise for the remote water quality
monitoring, particularly for monitoring physical parame-
102103 73nd analytes like nitrite and metal ions >”" but
several challenges need to be addressed for large scale adoption
of IoT-enabled chem/bio sensors. These include the need for
sample treatment, multistep analysis, and a lack of capabilities to
provide continuous real-time monitoring with high spatiotem-
poral resolution when deployed. For these sensors to be utilized
in large community mapping initiatives, it is crucial to establish
interdisciplinary collaborations among sensor developers,
electrical engineers and computational experts, analytical
chemists, ecotoxicologists, and policymakers. Such collabora-
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tions will enable the generation of comprehensive data sets on
the presence and effects of emerging contaminants in various
aquatic ecosystems, thereby providing valuable information to
stakeholders and communities. Furthermore, fostering data
sharing initiatives (e.g, cloud servers and open-access data-
bases) will facilitate data collection through citizen science and
provide access to comprehensive data sets. These initiatives
create standardized platforms that offer valuable insights into the
occurrence, fate, and effects of emerging contaminants in water.
This holistic approach maximizes the value of sensor data and
contributes to a deeper understanding of emerging water
contaminants for the benefit of stakeholders and communities.
Objective 8: Increase Public Awareness about the
Presence and Risks Associated with Emerging Water
Contaminants. Promoting citizen science initiatives that
utilize innovative sensor technologies can effectively increase
public awareness and engagement in environmental monitoring
efforts. User-friendly sensing platforms specifically designed for
nonexperts are ideal for citizen science projects. Collaborating
with schools and community organizations and conducting
workshops, training sessions, and webinars can educate citizens
about the significance of emerging water contaminants and their
role in monitoring efforts. Integrating citizen science data into
broader research projects and regulatory decision-making
processes serves as a compelling way to showcase the value of
public involvement in environmental monitoring. Educational
materials emphasizing the importance of monitoring emerging
contaminants and providing guidance for citizen scientist
participation should be developed and widely disseminated to
reach a broad audience. Online platforms that facilitate data
sharing and collaboration among citizen scientists engaged in
water quality monitoring initiatives can enhance the dissem-
ination of information and foster a knowledge exchange. In
addition, media coverage and public awareness campaigns
focused on citizen science projects can further increase
awareness about emerging water contaminants. By actively
promoting citizen science initiatives, involving the public, and
leveraging their contributions, a stronger understanding of and
response to emerging water contaminants can be achieved.
Objective 9: Educate Workforce and Develop Strate-
gic Partnerships to Tackle Interdisciplinary Sensor
Development Efforts. The role of human capital in advancing
innovation and technological entrepreneurship is well recog-
nized.'" Interdisciplinary collaboration, strategic partnerships,
and a qualified workforce are crucial for advancing the
development of field-ready sensors for detecting emerging
water contaminants. Bridging the gap between scientific fields,
including researchers, product development engineers, data
scientists, business professionals, and policymakers, is essential
to drive sensor innovation. Developing a workforce capable of
working across disciplines and effectively applying their
knowledge is vital to support sensor development efforts.
Promoting cross-disciplinary training and providing opportu-
nities for researchers in academic settings, such as internships
and exposure to practitioners working on different aspects of
emerging contaminants, can equip them with the foundational
skills needed to contribute to the development and innovation of
next-generation sensors. Beyond technical skills, abilities such as
relationship building, creativity, problem-solving, time manage-
ment, adaptability, and critical thinking are essential for the
future workforce. Creating entrepreneurship opportunities, such
as involving graduate students in NSF Innovation Corps (I-
Corps) teams, can empower them to engage in entrepreneurial
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activities and foster innovation. To bridge the gap between
fundamental research and the market, increased funding
opportunities for translational research are necessary. The
establishment of the Technology, Innovation and Partnerships
(TIP) directorate at the National Science Foundation (NSF)
and U.S. EPA’s small business technology development
programs (SBIR/STTR) provides avenues for supporting
entrepreneurial activities and startups, stimulating technology
innovation. Additionally, programs like the I-Corps offer
intensive entrepreneurial training, accelerating the commercial-
ization of university-created work and contributing to the
development of an entrepreneurial workforce. These initiatives
incentivize translational work and are expected to enhance the
conversion rate of fundamental research into marketable
products.' %1%

6. IMPLICATIONS AND OUTLOOK

The accurate and timely detection of emerging contaminants is
essential for the safeguarding of water quality. However, several
challenges, related to cost, complexity, limited sensitivity and
selectivity, and lack of real-time monitoring, impede the
advancement and commercialization of low-cost sensors and
innovative solutions. Enhancing sensor performance through
the development of advanced nanomaterials, receptor interfaces,
and diverse transduction methods can improve the sensitivity,
selectivity, and stability of the sensors. Future development of
innovative recognition elements that ensure high selectivity for
target binding within complex water matrices should also be a
priority for future research. To improve stability and analysis
time, alternative receptors and recognition elements could be
explored to provide more rapid and specific binding affinity. The
use of low-cost electrodes or supporting materials to create
sensors, integrate separation units, and simplify measurement
protocols could also be useful to reduce sample pretreatment
and improve accuracy. The use of hand-held potentiostats and
spectrometers connected to a smartphone should be considered
when developing electrochemical and optical sensors to enable
easy operation and reduce equipment costs for field deployment.
By combining the multiplexed analytical capabilities of vibra-
tional sensors, e.g., SERS-based sensors, with advanced data
analytics, there is significant potential to extract quantitative
information from a mixture of emerging contaminants in
complex water matrices. Integration of IoT technologies and
modern data analytics for real-time data collection and analysis
enable continuous and autonomous monitoring. Scalability can
be achieved by optimizing manufacturing processes and tools
while ensuring sensor performance under complex environ-
mental conditions for commercial viability.

Sensor development should encompass four distinct stages:
design, laboratory testing, laboratory validation, and field
testing. Involving stakeholders and potential end-users during
the design phase is crucial to establishing the desired
performance metrics, cost considerations, and user-interfaces
of the sensors. Standardized testing protocols and interlabor-
atory studies are essential for validating sensor performance in
real-world scenarios. Interdisciplinary collaborations and data
sharing initiatives provide comprehensive insights into the
occurrence and impacts of emerging contaminants. Advanced
data analysis and visualization techniques such as machine
learning and GIS can integrate diverse data sets and generate
actionable insights. Increasing public awareness and promoting
citizen science initiatives through user-friendly sensing plat-
forms and educational materials empower communities in
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monitoring efforts. Cross-disciplinary training, internships, and
entrepreneurship programs are crucial for developing a qualified
workforce capable of bridging scientific fields and facilitating the
deployment of sensor technologies in the field. Strategic
partnerships and improved funding opportunities can support
the growth of environmental sensing technologies and solutions,
facilitating their translation from laboratory research to real-
world applications. Through concerted efforts to address these
challenges, the development and deployment of sensor
technologies for detecting emerging water contaminants can
be accelerated.
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