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Managing drinking water-associated pathogens that can cause infections in immunocompromised
individuals is a persistent challenge, particularly for healthcare facilities where occupant exposures carry a
substantial health risk. Incremental advances in point-of-use (POU) devices and modified polymer materials
now flood the market, promising to reduce cell concentrations and control biofilm formation. The current
leading antimicrobial POU design incorporates silver (Ag), a long standing bacteriostatic used across wide
ranging industries. This perspective highlights critical knowledge gaps and fundamental shortcomings
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associated with existing study designs in the silver-containing POU literature as well as the chemical and
microbial processes that underline ongoing critical considerations for pathogen control in drinking water.
DOI: 10.1039/d3ew00564] As a result, we highlight the opportunity to leverage ongoing material discovery and collaboration across
disciplines to move us closer towards an affordable, low maintenance approach that addresses the

rsc.li/es-water persistent pathogens challenge in drinking water.

Water impact

Silver is used in marketed point-of-use devices for the intended purpose of reducing user exposure to drinking water pathogens. Herein, we highlight the
underlining chemical principles that influence the antimicrobial action of silver in the drinking water context and biological process considerations that
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require further attention to elucidate a more comprehensive understanding of performance limitations. Finally, we highlight the opportunity for innovation

to address critical and persistent disinfection challenges.

1. Introduction

Exposure to drinking water-associated pathogens that can
cause infections in immunocompromised individuals
(DWPIs"), often referred to as opportunistic pathogens, are a
leading cause of morbidity and mortality>® for susceptible
groups (e.g., individuals with AIDS, cancer, cystic fibrosis,
undergoing chemotherapy) in the United States." Many
microorganisms can be considered DWPIs, however following
the criteria outlined in Proctor et al' we will focus on
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bacteria that are (1) adapted to grow in drinking water
systems, particularly within building plumbing, and (2)
frequently cause disease in susceptible populations (e.g,
Legionella pneumophila, nontuberculous mycobacteria - NTM,
Pseudomonas — aeruginosa, Stenotrophomonas maltophilia).
Legionella pneumophila, the source of Legionnaires' disease,
is the most common reported drinking-water associated
outbreak,” and proven infection cases cost an average of $37
300 per admission.” Hospitalizations from NTM, P.
aeruginosa, and L. pneumophila account for 44%, 13%, and
9%, respectively, of waterborne infection hospitalizations in
the U.S., and NTM is responsible for the greatest percentage
of total deaths, 57% (note: these numbers are
underestimated due to underreporting of actual infections
emerging from the reporting process).® Despite a range in
existing disinfection regimens,” there remains a growing
number of reports attributing waterborne infectious disease
outbreaks to DWPIs’® with the incidence of legionellosis’
and NTM® pulmonary diseases continuing to increase in the
USA. As a result, L. pneumophila, Mycobacterium avium,
Mycobacterium abscessus, and P. aeruginosa are on the current
U.S. EPA's contaminant candidate list."® There is need to
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control these persistent organisms at the point of consumer
use (e.g., in building fixtures) given the increase in DWPI
infection prevalence and incidence, their increasing DWPI
abundance found along the drinking water transect, and the
highest detection frequency and abundance found at the
point of use in buildings."®""

Approaches to reduce the risk posed by DWPIs range from
building system-wide (e.g., periodic thermal or chemical
shock treatment) to more localized (e.g., point-of-use, POU)
approaches. The benefit of POU approaches include the
ability to (1) immediately respond to a DWPI detection
incident, thus is the current go-to intervention in outbreak
situations, and (2) implement proactive, supplemental
treatment measures at the fixtures (i.e., showers, faucets)
serving vulnerable populations versus treating an entire
premise plumbing system. The primary modification to POU
strategies in the past 20 years is the incorporation of silver
(see Parkinson et al.'®> and Table S2 therein of compiled POU
device specifications) intending to increase antimicrobial
efficacy against DWPIs and extend fixture lifetime. Yet,
outbreaks and incidences are on the rise, suggesting the
opportunity to innovate POU strategies.

Silver has long been used for its antimicrobial properties
beginning with its historical use to preserve food"* to our
21st century advances in precise control of silver nanoparticle
(AgNP) size, shape, and surface chemistry to engender
specific properties for antimicrobial applications."*"® Silver
can be bacteriostatic (i.e., suppress bacterial growth) and
bactericidal (ie., inactivate bacteria), depending on the
system conditions (e.g., how water chemistry affects ion
concentrations and contact time).'"® The primary mode of
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Fig. 1 Schematic of the building plumbing context for the use of Ag-
POU devices, highlighting the source of biofilm in the drinking water
system and intended function of silver in the POU device at the faucet
or shower.
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action for silver to inactivate bacteria and viruses is via silver
ions."”” Nanoparticulate forms of silver introduce physical
mechanisms of interaction, and certain features (e.g., reactive
sites resulting from certain shapes or crystal facets) induce
variable efficacy against a wide range of microbial targets'*
and contribute to resistance emergence.'®>' While silver
possesses inherent properties that support its widespread use
as an antimicrobial agent, characteristics of each use case
will influence its efficacy.

Herein, we present our cross-disciplinary viewpoints,
based on both our own research and an extensive review of
current literature, focused on material-based strategies for
point of use pathogen control in water systems (Fig. 1). Our
goal is to illuminate commonly overlooked fundamental
chemical and biological realities of employing the
antimicrobial properties of silver within drinking water
matrices, which we see as an opportunity for (1) translation
of new material discoveries, and/or (2) a paradigm shift in
how we combat DWPIs at the point-of-use.

2. Incorporating silver for DWPI
control: findings and limitations of
studies, to date

Silver-containing POU devices emerged on the market in
2002 with the Pall AQ-7. The intended function of silver-
containing device materials is to lower the bacterial load in
drinking water exiting a faucet or shower head. Thus,
lowering the user exposure and infection risk. Biofilms are
the predominant source of bacteria in a building plumbing
system emerging (i) in the plumbing proximal to the POU
device, (ii) from a fouled POU filter membrane, referred to as
“back contamination”, (iii) from external sources (e.g.,
splashing from users, liquid disposal), also referred to as
“retrograde contamination”, and (iv) from stagnation
between use (e.g., in a shower hose). Silver is incorporated
into POU devices to slow or eliminate the growth of biofilm.
Given the prevalence of this design and lack of robust
performance assessment under real or simulated use
scenarios, there remains a critical need to uncover the
influence of silver on the ability of silver-containing POU
devices to mitigate DWPIs. The following are several
identified critical limitations to establishing overarching
conclusions surrounding the ability for silver to mitigate
DWPIs.

First, the predominant control in relevant studies
assessing the efficacy of silver-containing POU devices
against DWPIs*>*® is a faucet or shower head without any
installed POU device, rather than a faucet or shower head
fitted with a comparable POU device that does not contain
silver. Consequently, it is not possible to determine if the
observed performance is attributed to the silver component
or other device characteristics (e.g., filtration). Second, few
studies measure the concentration of silver in the water
exiting the fixture and the supposed silver-enabled

This journal is © The Royal Society of Chemistry 2024
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composite.?* Silver, as silver ion, would indicate the presence
of a known inactivation mechanism. (Note: We recognize the
potential regulatory implications on quantifiable silver
concentration in drinking water depending on the country of
implementation.) The absence of silver ion in the exiting
drinking water is not conclusive evidence that silver is not
present in the system. Silver ion released from the POU
device could form strong complexes with chemical
components present in drinking water (e.g., chloride ion, vide
infra) and would be quantified in a total silver measurement
(rather than dissolved silver only). Silver ion could also be
consumed by biofilm established on the inside surface of the
POU materials, which would render it unquantifiable in the
exiting water and underlines the importance of biofilm
characterization (vide infra). Third, surveillance case
studies'>*>***> - commonly used by manufacturers or
conducted at a single facility with specific conditions - limit
extrapolation of findings to reach broader conclusions about
the contributions silver has towards beneficial outcomes. The
surveillance approach best mirrors reality but increases
experimental variability. Factors such as the total volume of
water treated by the device and other external variables
introduced by different users are not controlled, confounding
the results. An alternative simulated use approach allows
more control over system variables yet could miss an
unexpected use condition that drives a measured outcome
(e.g., retrograde contamination). To maximize the broader
applicability of a study's conclusions, the study design should
include careful control of system variables while mimicking
actual use conditions as closely as possible. Given the
tradeoffs of different empirical approaches, future research
and comprehensive efficacy testing of existing and novel
DWPI mitigation strategies should be pursued in controlled
simulated systems and surveillance studies. Finally,
variations in sampling procedures can indirectly influence
experimental results. For example, several studies include a
sequential comparison of DWPI concentrations, which
involves comparing water samples collected before and after
POU device installation.>®*® While this approach captures
fixture-specific use variables, the results are influenced by
temporal differences in the plumbing water chemistry.
Collecting  treatment and  non-treatment  samples
concurrently from different fixtures belonging to the same
building plumbing system, and having similar upstream pipe
design, helps to preclude confounding factors related to
water chemistry fluctuations.'> When employing a concurrent
sampling approach, conducting multiple trials with
randomized placement of POU devices may be necessary to
account for the inherent fixture and use variability.

A consistent limitation across studies is efficacy
assessment based on planktonic bacteria, which comprise
less than 2% of the total bacteria present in a distribution
system (most bacteria are present in biofilms and loose
deposits).”” Only a few studies*® include characterization of
biofilms present in the POU system of interest and their
findings suggest the presence of DWPIs such as Pseudomonas
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aeruginosa in a sessile biofilm stage within premise
plumbing.”® Considering the intended purpose of
incorporating silver into POU devices for biofilm prevention,
assessment of silver efficacy distinct from the other POU
device features (e.g:, filtration) necessitates analysis of biofilm
on internal device surfaces. Further, characterizing the
bacteria present in the biofilm is important for (i) identifying
the source of a detected DWPI, (ii) anticipating potential
future problematic exposures, (iii) informing mitigation
strategies to combat a detected DWPI, and (iv) preventing
future infections. In situ biofilm assessment in real systems
is challenging due to (1) the biofilm location within the POU
device and the intricate pipe network, making non-
destructive access difficult, (2) the spatial heterogeneity of
biofilms with variations in microbial composition and
thickness at different locations within the plumbing
system®>*° (3) temporal changes in biofilms influenced by
factors such as water flow, temperature, and disinfection
practices, and (4) sampling methods for biofilm assessment
can be invasive and disruptive to the plumbing system,
potentially affecting the biofilm structure and composition.*"
These challenges highlight the need to develop non-
destructive methods for accurately assessing and monitoring
biofilms in situ, possibly by employing localized sensors and
machine learning techniques. For example, ATP and
electrochemical sensors have been developed to monitor
activity in biofilms. Real-time ATP monitoring uses emerging
engineering tools, such as microfluidic devices, to quantify
the energy product of metabolism as a proxy to the
abundance of active cells within the biofilm.*> Electron
impedance spectroscopy is another increasingly popular
device to monitor real-time biofilm formation onto plumbing
surfaces and measures the electron transfer from a
microorganism surface to a conductive surface.”® Machine
learning techniques, such as naive Bayesian modeling, can
aid in pre-processing data to enhance descriptive models.**
These methods are promising complements to existing
destructive sampling approaches (e.g., taking apart the POU
device and mechanically removing the biofilm using a swab
or into a suspension solution), such as optical coherence
tomography, genomics, and transcriptomics. Ultimately, the
goal of both in situ and post-operation analysis is to build a
comprehensive picture of biofilm dynamics with both the
temporal and chemical resolution necessary to make robust
progress in the development of effective POU devices.

3. Chemistry considerations of limited
silver release from materials used in
POU devices

Silver-enabled composites on the market include silver-
plastic, silver-ceramic, and silver-textile blends. In these
composites, silver may be incorporated in several forms
including as elemental silver, AgNPs, or silver salts (such as
the Biomaster™ coating). Here, our discussion of the
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underlying fundamental chemical processes related to silver
is centered around AgNPs because their behavior in aqueous
media and resulting processes are inclusive of the processes
associated with other forms of silver. A comprehensive
assessment of the use of silver in POU devices requires an
understanding of the chemistry that drives its antimicrobial
activity and how this chemistry can change when
incorporated into composites.

The antimicrobial action of silver, in any form, is typically
attributed to the release of silver ions. Therefore,
understanding the rate and quantity of silver ion, Ag(i),
release from the different silver-containing POU device types
is a critical step in assessing efficacy. The relevant chemistry
of silver ionization and degradation across length scales is
summarized in Johnston et al,” including thermodynamic
and equilibrium principles underlining silver ion formation
from bulk and nanoparticulate silver in the presence of
drinking-water relevant ligands (e.g., chloride, sulfur). Herein,
we identify key chemical processes that impact performance
of silver-enabled composites and what these processes reveal
about the feasibility of using Ag in POU materials of
construction.

A primary challenge with an ion-driven mechanism in a
drinking water system is the stability of the Ag(r). Within the
drinking water matrix, silver forms stable complexes and
solids with chloride (logKy, = -9.75)° and sulfide species
(logKy, = -53.62),>® and AgNPs experience similar surface
complexation chemistries, limiting free Ag(1). In addition,
Ag,0 products have been found on AgNP surfaces, enabled
by the redox potential decreases with NP size,*® which inhibit
further surface ionization. Finally, AgNP dissolution has been
shown to not reach completion in biological media,*”*® likely
due to the system Kkinetics (e.g., particle aggregation, NP
stabilization with ligands).>’ Size, shape, and surface
chemistry affect AgNP dissolution to Ag(i), however, the
effects of each parameter are often difficult to decouple.
Generally, a smaller AgNP leads to a larger percentage of
surface atoms, thermodynamically driving oxidative
processes.”®> The surface chemistry of the AgNP also
contributes to the stability of the particle as well as the
accessibility of oxygen to the AgNP surface. Generally, a
smaller ligand with a weak binding affinity will result in
more oxidation as there is greater access to undercoordinated
surface Ag atoms.” In a recent study, shape has been found
to influence antimicrobial activity through surface reactivity
(exposed crystal facets), unique to distinct particle shapes
and notable, independent of Ag(i) release.’® It is also useful
to note that AgNPs have been found to exhibit particle-
specific activity, independent of Ag ions."* Yet, this
mechanism is inherently inhibited when the particles are
incorporated into a composite material unless release of the
complete AgNP is enabled through system conditions.

In addition to the intrinsic properties of the silver, Ag()
release from a composite is also dictated by environmental
conditions, which are dynamic when incorporated in POU
devices (e.g., regular changes in pH, temperature, light, water
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chemistry, shear forces). The effect of some of these
conditions on ion release has been studied, while the
impact of others remains unknown. Since Ag(i) release from
AgNPs is driven by oxidative dissolution, a decrease in pH
will increase ion release.”® Generally, increases in
temperature increase Ag(1) release, following Arrhenius
behavior.'> Water chemistry and the presence of other ions
(e.g,, Cl and S) or dissolved organic matter will also
influence ion release. For example, small Cl:Ag ratios
demonstrate lower ion release than AgNPs in pure water
whereas large Cl:Ag ratios demonstrate greater ion
release.”’ There have been studies on the presence of other
dissolved materials, including small molecules and natural
organic matter, although there is no consensus on how
they influence Ag(1) release.’® Finally, Ag ion release
dependence on physical interactions, like shear force, will
be dictated by the nature of Ag incorporation (e.g,
embedded throughout, surface coated), but additional
research is needed to elucidate how these interactions
impact the lifetime of material effectiveness.

Finally, silver coatings have the advantage of being more
adaptable as they can be applied to a variety of different
surfaces. Typically, silver coatings are made with metallic
silver, which can be deposited on the surface of a substrate
with vapor coating,** sputter coating,”> or ion beam
coating.”* When engineering silver composite materials, it is
important to understand the longevity of these coatings in
complex environments. Some preliminary studies evaluate
the efficacy of coatings in hospital settings and found that
surface roughness as well as wet versus dry environments
affect the antimicrobial activity of silver coatings, where
rough and wet conditions promote antimicrobial activity.
However, additional research is needed to uncover long term
efficacy as a function of polymer type, chemical environment
(including exposure to cleaning products), and physical
forces.*

4. Microbiology considerations
underlining the efficacy and
evaluation of silver-enabled POU
devices

Bacteria possess many mechanisms for intracellular metal
homeostasis, such as metal specific transporters, porin
proteins, and efflux pumps.*® While these transport
mechanisms are effective at managing essential ion
concentrations, non-essential metal ions, like silver, can also
be transported into the microorganism. Due to the absence
of regulatory processes, silver-induced toxicity can occur
leading to microbial dysregulation and death.*® Silver-
induced bacterial inactivation results from several possible
adverse interactions, including electrostatic interactions
between silver and the cell wall causing lysis, disruption of
the thiol groups in proteins, and interruption of DNA
replication by uncoupling electron transport from oxidative

This journal is © The Royal Society of Chemistry 2024
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phosphorylation.*” Due to these nonspecific mechanisms of
microbial inactivation, it is not surprising that silver is
extensively used as an antimicrobial agent in a variety of
fields, including on-site and POU drinking water treatment
against DWPIs.*® Multiple studies assessing the efficacy of
silver-POU devices indicate they are an effective strategy to
reduce concentrations of culturable L. pneumophila, P.
aeruginosa, Stenotrophomonas spp., Aeromonas spp., Klebsiella
spp., nontuberculous Mycobacterium spp., and fungi in
drinking water exiting a sink or shower.

The focus of most studies to date is on the efficacy of
silver-containing POU  devices with the underlying
assumption that all downstream effects are positive (ie.,
prevention of bacterial growth or inactivation of microbes
already present) or neutral (ie.,, no effect). Given the
emerging evidence for silver and AgNPs to induce
resistance,"®*"*® it is prudent to also consider potential
adverse outcomes of widespread silver use in drinking water
building systems. While POU applications of silver are
relatively new, copper-silver ionization (CSI) is an established
on-site treatment. CSI releases 0.2-0.4 mg L' copper and
0.02-0.04 mg L" silver into the recirculating hot water’® and
has been shown to be more effective at reducing the number
of clinical Legionella-induced infections than other on-site
strategies (e.g., hyperchlorination, thermal shock and flush
regimes).”’ However, studies on CSI report an initial decrease
followed by an increase in the number of -culturable
Legionella (over varying time periods) before returning to pre-
installation concentrations.”® One explanation for this
observation is the emergence of resistance due to consistent,
sub-lethal exposure to copper and silver® (sub-lethal due to
poor transport through biofilms,”* poor building plumbing
hydraulics,”® or pH influences on ion release). Another is that
copper and silver ion concentration fluctuations lead to
insufficient inactivation of L. pneumophila allowing for
regrowth.”*

To date, the mechanism(s) underlying silver ion resistance
in many DWPIs is unknown. Possible non-specific heavy
metal efflux pumps, similar to that seen for copper
resistance,”® could be present within L. pneumophila and
other DWPIs. In addition, physical exclusion methods may
be deployed by DWPIs, such as intracellular survival within
free living amoeba found in building plumbing biofilms as
observed when DWPIs are exposed to stress (e.g., low nutrient
levels, the presence of biocide®®®”). Another protective
mechanism for some DWPIs is entry into a viable but
nonculturable (VBNC) state, which renders the microbe
undetectable using traditional culture techniques, yet they
are still alive and capable of causing infection.’® Regardless,
these mechanisms result in false-negative results and an
underestimation of risk when being evaluated using the gold-
standard for detecting and quantifying all life-stages of
DWPIs in drinking water: culturing. These limitations
highlight the critical need to incorporate culture-independent
characterization approaches with standard culturing
methods.

This journal is © The Royal Society of Chemistry 2024
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Culture-independent techniques overcome many of the
disadvantages associated with culture-based methods and
provide an exciting opportunity to greatly increase our
understanding of DWPI diversity and risk in the building
drinking water. Generally, culture-independent methods
involve the use of DNA, RNA, or proteins and offer low
detection limits, high sensitivity, high specificity, and the
ability to detect organisms in the VBNC state,>® bypassing the
need for specialized media. Today, real-time PCR or qPCR is
the most widely used culture-independent method for the
detection and quantification of DWPIs in drinking water®
due to its cost-effectiveness, specificity, and accuracy. Despite
the advantages of culture-independent techniques they do
have several major drawbacks, specifically their resource
intensity and complexity. For example, they require detailed
and specific methodology such as optimized nucleic acid
extraction procedures, primer design, and quantification
assay optimization. Accuracy and detection limits are also
crucial components to experimental design, so care needs to
be taken for these approaches to be effective.’*

Finally, there are several important POU system
parameters that affect DWPI behavior and can collectively
influence the efficacy evaluation of the silver addition. First,
performance of drinking water disinfection interventions
involves establishing the concentration and reaction time
(together, the CT) that ensures the targeted pathogen
removal, yet in POU devices the silver concentration (C) is
dynamic (see above for more details) and residence time (7)
is likely not adequate to achieve silver-induced inactivation of
planktonic microorganisms. Existing research to determine
CT values are completed on organisms not native to the
drinking water context and/or different growth conditions
(i.e., not the drinking water itself). Second, efficacy evaluation
of antimicrobial POU devices follows ISO 22196:2011, which
involves testing pure cultures of microbes (Escherichia coli
and Staphylococcus aureus) after a specific incubation period
rather than in a real-use environment. Such testing neglects
the effects of the water chemistry and mixed microbiota, the
hydraulics and pressure induced in on-off cycling, and the
potential for false negatives due to the VBNC state, (note:
ASTM 8422:2021, published in January 2022, includes
temperature and cycling stress). Finally, studies of POU
shower devices to date measure DWPI in the water exiting
the fixtures and neglect to measure the most likely route of
exposure, inhalation of aerosols, nor comprehensively
characterize the biofilm present on internal fixture surfaces
which likely seed organisms entering the water phase.

5. Opportunities to advance POU
DWPI control

There are critical knowledge gaps limiting conclusions to
support enhanced efficacy of silver in POU devices compared
with non-silver enabled devices. In fact, there is the potential
for silver to have an adverse impact on DWPI presence and
abundance (e.g;, by initiating resistance mechanism
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evolution), which merits further attention and study. In
addition, characteristics inherent to drinking water chemistry
and POU application scenarios implicate fundamental
limitations of silver antimicrobial modes of action. Current
methodology surrounding the quantification of DWPIs and
the assessment of POU device effectiveness can yield biased
results due to methodological limitations. For example,
DWPIs can evade detection by culture-based methods if
present in a VBNC state. Molecular quantification techniques
exist, in which DNA and RNA are extracted from water
samples and offer a biological footprint. DNA quantification
elucidates the microbes that are both alive and dead, while
assessing the RNA signatures uncovers only the live microbial
populations. Yet, there are technical challenges to methods
of RNA extraction and validation, as previously discussed. In
the research and industry standards to date, POU device
efficacy is not tested under conditions that reflect actual use
of the product. Of those POU devices that are studied under
conditions reflective of actual use, only the impacts the
technology on microbial water quality is explored; impacts on
biofilms that develop within the fixture and microbial
concentrations in aerosols generated by the product during
use (i.e., the most likely exposure route for respiratory
infections) have only recently begun to be addressed.®> Thus,
the critical research gaps and urgent research need identified

Incorporate materials that:

1. present no known inherent
human hazard;

Proactive
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herein is (1) POU device efficacy assessments in operating
conditions, (2) the use of both culture-independent and
culture-dependent strategies, and (3) the assessment of anti-
microbial capabilities in matrices beyond the water exiting
the fixture (e.g., biofilm within POU, aerosols generated).
While the rapid response capabilities and adaptability of
POU treatment and mitigation makes it an important
strategy for continued DWPI control, the “silver bullet”
solution likely does not involve silver after all. There
remains immense untapped potential to leverage material
science discoveries to advance critically important
technologies for DWPI mitigation (Fig. 2). Our ability to
design materials with specific properties is driving us ever
closer to fully span theory to practice. For example, one
can specify a desired nanocomposite glass transition
temperature, then use machine learning and artificial
intelligence techniques to generate material candidates with
varying degrees of synthetic accessibility.**** Applying these
same approaches to the disinfection context (i.e., enabling
computational design for desired disinfection efficacy)
would elucidate possibilities beyond the currently available
materials, but will rely on mechanistic understanding of
current material performance. While the outcome of these
approaches can be hypothetical, yet-to-be synthesized
materials, there exists a vast array of available synthetic

Proactively prevent DWPI propagation rather than
reactively treat infection
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Fig. 2 Graphical overview of opportunity areas for materials in POU device to advance DWPI control (note: programmed degradation is the

intended breakdown of a material by biological or chemical means).
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methods enabling precise atomic control for the assembly
of materials.

Antimicrobial nanomaterials have been studied for over
two decades. Efficient producers of reactive oxygen species
(ROS, e.g, nano titanium dioxide, graphene, fullerene,
graphitic carbon nitride) are particularly promising in
drinking water disinfection applications.®®®” Rather than
incorporating inherently antimicrobial materials in which
system conditions are known to adversely affect performance,
there is an opportunity to design materials that leverage
drinking water conditions to activate or enhance their ability
to inactivate pathogens. Developing such materials is
encouraging given demonstrated advances in switchable
polymers, single atom catalysts, and optically enhanced
photocatalysis, to name a few.°®””® This opens the door to
translating these material capabilities for use in POU devices
to advance their design to adapt to the system conditions in
which they are applied.

Stimuli-responsive materials for environmental
applications are promising “on-demand” antimicrobials,
increasing performance longevity and presenting little to
minimal risk in their inactivated state. Designing materials
to activate and initiate adverse microbial response
mechanisms in drinking water contexts is an exciting
frontier. The drinking water matrix contains several, mostly
predictable, chemical triggers. Opportunities remain to
design material ensembles that respond to perturbations
intimately connected with a DWPI, or even unique
characteristics of a target pathogen, in building plumbing.
Stimuli to consider for POU devices include light (e.g,
incorporating LEDs), temperature (e.g., of the water or
temperature differences), pressure (e.g., from on/off cycling),
pH (e.g., change in the water or biological process), chemical
presence and threshold concentrations (e.g., chlorine, ion),
and EPS from biofilm formation or extra cellular biomolecule
from a specific bacteria (e.g., lipopolysaccharides, mycolic
acid). The response of the material ensembles could be the
release of ROS or other inactivating agent, change in state
(e.g., to prevent adherence of early biofilm formation), and
detachment or sloughing from a surface.

Translating material discoveries into POU device designs
is a known challenge. Tiered, iterative approaches to efficacy
and safety testing that involve rapid prototyping and proof of
concept that precede comprehensive testing and certification
could facilitate the translation. Once demonstrated, future
standards for product testing should be expanded to include
(1) use conditions, such as variable water flows and on-off
cycling, (2) efficacy evaluation using culture and culture-
independent methods, and (3) representative DWPIs (i.e., not
solely E. coli). Finally, enhanced collaboration of researchers,
device manufacturers, and building operators would not only
inform product development and testing strategies, but
conversations would undoubtedly reveal opportunities to
advance capabilities for DWPI control.

The development and translation of demonstrated new
materials with high potential for combatting DWPIs into

This journal is © The Royal Society of Chemistry 2024
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practice is necessary to have a positive impact. The success of
these materials in marketed POU devices that are
implemented in consumer settings would greatly benefit
from early collaboration across disciplines of engineering,
microbiology, and chemistry. As demonstrated herein, the
details of the application environment of a material will
influence the fundamental processes underlining the
performance. Further, practical considerations from
plumbers, building operators, and standards organizations
are critical to the design and suggested use of a given
product given that performance is impacted by how a POU
device is used.

The field of building drinking water POU treatment is ripe
for innovation, for paradigm shifting solutions that control
the presence and density of DWPIs. It is time to take a step
back and rethink how to protect our increasingly vulnerable
populations most effectively and safely.
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