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ABSTRACT: Outbreaks of waterborne viruses pose a massive
threat to human health, claiming the lives of hundreds of thousands
of people every year. Adsorption-based filtration offers a promising
facile and environmentally friendly approach to help provide safe
drinking water to a world population of almost 8 billion people,
particularly in communities that lack the infrastructure for large-
scale facilities. The search for a material that can effectively trap
viruses has been mainly driven by a top-down approach, in which
old and new materials have been tested for this purpose. Despite
substantial advances, finding a material that achieves this crucial goal
and meets all associated challenges remains elusive. We suggest that
the road forward should strongly rely on a complementary bottom-
up approach based on our fundamental understanding of virus
interactions at interfaces. We review the state-of-the-art physicochemical knowledge of the forces that drive the adsorption of viruses
at solid−water interfaces. Compared to other nanometric colloids, viruses have heterogeneous surface chemistry and diverse
morphologies. We advocate that advancing our understanding of virus interactions would require describing their physicochemical
properties using novel descriptors that reflect their heterogeneity and diversity. Several other related topics are also addressed,
including the effect of coadsorbates on virus adsorption, virus inactivation at interfaces, and experimental considerations to ensure
well-grounded research results. We finally conclude with selected examples of materials that made notable advances in the field.
KEYWORDS: waterborne viruses, adsorption-based filtration, viruses at solid−water interfaces, physicochemical properties of viruses,
point-of-use water treatment, multi-adsorbate systems, virus inactivation at interfaces, virus traps

■ INTRODUCTION
Contaminated drinking water is responsible for more than
500 000 deaths annually, mostly among children under 5 years
old.1 Waterborne enteric viruses, e.g., Enteroviruses, Adenovi-
ruses, and Rotaviruses, can cause diseases, such as diarrhea and
dysentery, with approximately 40% of often-fatal childhood
diarrhea in developing countries being caused by viral
infections,2 not to mention the hospitalization and massive
socioeconomic costs.3,4 While most waterborne virus outbreaks
occur in less privileged communities,1−5 communities with
state-of-the-art wastewater and water treatment facilities are still
prone to waterborne virus outbreaks.6−14 Waterborne viruses
are mainly transmitted through the fecal-oral route, which can
primarily be interrupted through effective wastewater and water
treatment approaches. Currently available approaches are either
of nonsufficient efficacy, come at high environmental and
economic costs, or require advanced infrastructure, and thus are
not accessible to large portions of the world population. Novel
forward-looking approaches are required to meet the urgent
need of providing safe drinking water to a world population of
almost 8 billion people, while simultaneously protecting the
environment from hazardous chemicals and greenhouse gas
emissions.

Traditionally, disinfection, coagulation, and ultrafiltration are
the most commonly used approaches for water purification from
viruses. Disinfection is typically conducted using chemical
disinfectants or UV light. While regarded as one of the most
effective approaches against viruses, disinfection still shows
varying efficiencies, even among closely related viruses with very
subtle genetic and structural differences.15−17 Additionally,
disinfection byproducts, especially when using chlorine-based
disinfectants in the presence of natural organic matter (NOM),
are toxic to the environment and humans.18,19 Consequently, it
is necessary to completely purify the water from NOMs to avoid
the production of these toxic byproducts, which in itself
constitutes a major challenge. Moreover, the efficacy of
disinfection approaches is largely compromised by the
aggregation of viruses.20−24 Both chemical and UV disinfection
come at high operational costs and expertise, making their
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accessibility limited to a small portion of the global population.
Coagulation is driven by adding a chemical, i.e., the coagulant,
that causes colloidal instability, forming larger particles that can
sediment faster. While being a relatively simple process that can
be utilized against a broad spectrum of colloids, its efficacy
against viruses is considerably compromised due to both the
abundance of other colloids, such as NOM, and variations in
water chemistry and composition.25,26 The need to continuously
feed the system with coagulants, usually aluminum or iron salts,
comes at a relatively high cost and is thus also inaccessible to a
large portion of the world population. Filtration by physical size
exclusion is only possible using ultrafiltration or nanofiltration
with pore sizes smaller than 20 nm.27 These filters require high
overhead pressure, periodic back flushing, and chemical
cleaning, which all impose markedly high environmental and
financial costs.28,29 In the cases of coagulation and filtration,
viruses are usually still infectious after treatment; they are
retained in the form of sediment or filter retentate, which, if not
properly treated, could pose a higher risk.30 Finally, none of
these approaches is suitable for point-of-use (POU) application
in developing communities. POU is the most promising water
purification strategy in susceptible communities which lack the
requisite infrastructure and expertise for large-scale water and
wastewater treatment facilities, or where contamination occurs
in the so-called last km, i.e., in the water distribution systems
shortly before it reaches the consumer.
Adsorption-based filtration of viruses has emerged as an

alternative, with the potential to overcome the limitations of the
traditionally used purification methods. Adsorption-based
filtration is in particular characterized by the low energy and
financial cost of operation, the lack of use of chemicals, the facile
operational expertise, and the variety of materials that could be
used for building such filters. However, for it to achieve the
needed global impact in fighting virus dissemination, adsorp-
tion-based filtration must fulfill many criteria: environmentally
friendly, low cost, and wide availability; chemical and
mechanical stability; high adsorption capacity and efficiency;
and simple regeneration and reuse.31 Particularly important is
that such filters need to inactivate the adsorbed viruses, i.e.,
render them noninfectious, either directly upon adsorption or
during the regeneration processes.
Fulfilling these criteria is a major challenge, partly due to the

several physical and biological processes32,33 that could hinder
bringing the viruses in close proximity to the adsorbing filter
material, but primarily due to the lack of a material that can
efficiently trap viruses. The latter is mainly attributed to the
following reasons: (i) viruses cover a broad range of
physicochemical properties; a material that would adsorb one
virus might not adsorb the other; (ii) there is an abundance of
other contaminants in water and wastewater, particularly NOM,
which often compromises the efficacy of virus adsorption and
retention; and (iii) the chemical properties of water (i.e., pH,
ionic strength, ionic composition) and the concentration and
type of other contaminants (e.g., NOM, heavy metals, and
organic compounds) are continuously changing, which may
consequently affect the efficacy of the clarification process.
A large body of research over the last two decades has been

driven by a top-down approach, in which various old and novel
materials have been tested to adsorb viruses. These activities
revealed several essential material properties that are necessary
for high efficacy filtration. Still, the search for a material that
fulfills the aforementioned criteria remains elusive, resulting in
very rare examples that made it to real-life applications outside of

the laboratory. In this work, we advocate that, for adsorption-
based filtration to achieve its goal, it needs to be complemented
by a bottom-up approach. Specifically, this approach must start
with a fundamental understanding of the interactions that drive
virus adsorption to solid−water interfaces, and how this depends
on the physicochemical properties of viruses and the adsorbing
surface. Such knowledge would dictate the designing principles
for new materials to overcome the limitations of existing
materials.
This Perspective starts by providing a short introduction to

waterborne viruses and how to address the challenge of
extrapolating experimental results to the broad range of
waterborne viruses. It then presents a state-of-the-art under-
standing of virus interactions at solid−water interfaces, followed
by a discussion on the existing knowledge gaps and how to
address them. Afterward, a brief discussion is presented on the
potential mechanisms of virus inactivation at solid−water
interfaces and what could still be explored to design a material
that not only traps but also inactivates viruses. A few essential
experimental considerations to ensure nonambiguous inter-
pretation of results for future studies are also identified. Finally,
we conclude with selected examples of materials used for
adsorption-based filtration of viruses that made notable
advances in the field.

■ WATERBORNE VIRUSES, THEIR SURROGATES,
AND THE FUTURE OF VIRUS RESEARCH

Viruses are infectious agents that use the cellular machinery of
their host, e.g., humans, animals, or bacteria, to make replicas of
themselves. Viruses can be classified according to different
criteria, including genome type, host, and structure. Here, we are
particularly concerned with human waterborne viruses, which
are mostly nonenveloped; i.e., they do not contain a lipid
membrane around the proteinaceous capsid and the encapsu-
lated genome. The lack of an envelope contributes to their
robustness, retaining their viability for extended periods of time
even under harsh environmental conditions outside of their
host.34,35Figure 1a shows illustrative representations of some of
the most common waterborne viruses: human Adenovirus,
Astrovirus, Norwalk virus (Norovirus), Sapovirus, Hepatitis E
virus, Enterovirus, Rhinovirus, Poliovirus, Coxsackievirus,
Hepatitis A virus, Aichi virus, Parechovirus, and Rotavirus; the
illustrations highlight the vast diversity of these viruses. These
viruses relate to amultitude of diseases, including gastroenteritis,
respiratory diseases, conjunctivitis, cystitis, hepatitis, paralysis,
meningitis, hand-foot-and-mouth disease, heart anomalies, skin
rash, and encephalitis.36

Conducting studies with human viruses is not free from
biosafety risks and is also very costly and time-consuming. In
vitro propagation of human viruses to sufficiently high
concentrations, relevant for filtration studies, is in many cases
not attainable within reasonable time frames and costs. Some
human viruses are not even culturable in vitro with no available
infectivity assays, e.g., Noroviruses.37−39 For these reasons, and
with only few exceptions, most virus filtration studies are
conducted using bacteriophages,40,41 i.e., viruses that infect
bacteria. Most bacteriophages pose no health risks to humans,
they can be propagated to very high concentrations, and their
infectivity can often be readily assessed within less than 24 h;
culturable human viruses, on the other hand, require between
2−14 days to assess their infectivity.42,43Figure 1b shows some
of the well-studied bacteriophages, among whichMS2 and other
viruses from the Leviviridae family are the most commonly used
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for filtration/inactivation research.40,41 The advantages offered
by using bacteriophages must be considered with a caveat in
mind: knowledge obtained using one virus is not directly
transferable to another virus; this does not only apply to
knowledge transfer from bacteriophages to human viruses, but
also among bacteriophages and human viruses themselves.
Several studies have demonstrated that even small differences
between viruses, often from the same family, exhibit striking
differences in their inactivation kinetics,16,17 interactions at
interfaces,44,45 and purification efficiencies.46,47 Therefore,
obtaining meaningful results without having to run virus
filtration/inactivation studies using all relevant human viruses,
which is literally impossible, remains a challenge.
There are two options to address this challenge. The first is to

use reference organisms. For example, the World Health
Organization (WHO) recommends the use of Rotavirus as a
reference organism for waterborne viruses.48 While sometimes
otherwise claimed, such reference organisms often do not
represent the worst-case scenario and are usually chosen based
on the availability and simplicity of propagation and
quantification methods. Taking the diversity of waterborne
viruses and the variety of filtration/inactivationmechanisms into
account, it is improbable to find one virus that represents the

worst-case scenario for all of these processes. Therefore, using
reference organisms might result in overestimating the
filtration/inactivation efficiencies with adverse consequences
when the tested technologies are used out of the laboratory
context. The other viable option is to study an array of viruses/
bacteriophages to gain a mechanistic understanding of virus
filtration/inactivation and correlating these mechanisms to the
physicochemical properties of the viruses. In this way, one can
use the physicochemical properties of any other virus to predict
its filtration/inactivation efficiency. Indeed, several research
groups have followed this approach over the past dec-
ade.15,16,44,45,49−51 However, and despite the advances achieved
in offering a mechanistic understanding of various virus
adsorption and inactivation processes, the predictive power is
still lacking.
To better identify the key requirements for achieving this

predictive power, we take inspiration from predicting the
environmental fate of small organic molecules. For example, the
development of the n-octanol/water partition coefficient, kow,

52

for organic molecules has been successfully used to predict their
environmental fate, e.g., bioaccumulation/bioconcentra-
tion,53,54 water solubility,55,56 soil/sediment attachment coef-
ficients,57 and distribution in different cellular compart-

Figure 1. Illustrations of selected waterborne human viruses and bacteriophages. Representations of six different families of human viruses (a) and four
families of bacteriophages (b). The illustrations highlight the very broad diversity of virus structure, size, and genome type and size. Virus illustrations
are reproduced with permission;168 the illustrations are nonidentical reproductions of the original pictures. Data about sizes, genome type, and length
of genomes were obtained from viralzone.expasy.org.169
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ments.58,59 This was only possible due to the availability of
experimentally determined kow for tens of organic molecules as
well as data about their environmental fate. These data enabled
the development and validation of computational models that
can estimate kow for new molecules, which is particularly useful
for organic molecules that are challenging to investigate
experimentally. Moreover, based on these data, it was possible
to establish and verify predictive models that can anticipate the
environmental fate of experimentally challenging and/or novel
organic molecules. The possibility to take most of the work from
the laboratory bench to the computer enables rapid and cost-
effective screening of a large number of molecules with a fraction
of the cost and time required if this work was to be done
experimentally. It is also important to note that, for some organic
molecules, experimental assessment is practically impossible.
The example of the n-octanol/water partition coefficient

highlights the key hurdle to developing predictive models for
viruses, i.e., the limited number of experimentally accessible
viruses, which impedes the development and validation of
broadly applicable models. With only few excep-
tions,16,44,45,47,60,61 most virus studies are conducted using one
to three viruses. These viruses are either selected to be as diverse
as possible, e.g., different genome type, size, and morphol-
ogy,47,60 or as similar as possible with systematic variation in
their physicochemical properties.16,44,45 The former offers an
overview of the diversity in virus interactions but can hardly yield
any mechanistic understanding. The latter, due to the similarity
of the chosen viruses, could unintentionally result in a biased
mechanistic understanding of virus interactions.62,63 Addition-
ally, even carefully selected viruses with systematic variation in
their physicochemical properties still exhibit variations in
multiple properties simultaneously, e.g., charge and hydro-
phobicity.16,44,45 Selective variation of one property, e.g., charge,
while maintaining all other properties fixed is a prerequisite for
attaining a detailed quantitative understanding of virus
interactions. Unlike synthesized organic molecules, naturally
existing viruses do not offer such versatility. Genetic engineering
of viruses, particularly bacteriophages, has long been a difficult
and labor-intensive process,64,65 hindering the production of
bacteriophages with tailored properties for virus studies. Recent
advances in bacteriophage engineering streamlined this process,
enabling targeted gene editing of bacteriophages within less than
a week.64−67 We envision future virus studies to be conducted
using an array of genetically engineered bacteriophages to
pinpoint the key mechanisms of interactions, as well as build
predictive models that could be used to anticipate the
interactions of human viruses.
The design of genetically engineered bacteriophages has to be

guided by the aim of understanding how virus composition and
structure relate to virus adsorption and inactivation. In the
following section, we discuss selected virus interactions that are
crucial for virus adsorption and inactivation at interfaces.We pay
particular attention to knowledge gaps and how such gaps could
potentially be filled by utilizing engineered bacteriophages and/
or other approaches.

■ VIRUS INTERACTIONS AT SOLID−WATER
INTERFACES

Viruses are not motile; i.e., they are not capable of actively
moving by themselves. Their mobility outside and inside of their
host is solely driven by external forces and their surface
interactions. From a physical chemistry point of view, they can
be considered as abiotic colloids. A large body of literature

suggests that virus interactions to solid−water interfaces are
primarily driven by electrostatic forces44−46,68−88 and the
hydrophobic effect.44,69,75,88−95 Many of the adsorption-based
filters intentionally or nonintentionally exploit these two
interactions to drive the adsorption of viruses. Most waterborne
viruses are thought to carry a net negative charge at
circumneutral pH values.96 It is, therefore, logical to use
positively charged material to trap the negatively charged
viruses. While this approach has shown promising re-
sults,46,70,71,73,74 noticeable variation in efficacy across different
viruses has been observed,46,73,79 raising doubts about its efficacy
against the broad range of waterborne viruses and under varying
water chemistry. In addition, both positively charged and
hydrophobic surfaces are susceptible to competitive adsorption
from other adsorbates, particularly NOM.45,97 More innovative
approaches are needed in order to circumvent these challenges.
For instance, it has been shown that some viruses still adsorb to
negatively charged surfaces under weak electrostatic repulsive
conditions,44 while no detectable adsorption for NOMs was
observed under the same conditions.97 These results point to a
potential approach for developing filtration membranes that are
repulsive to competitors, e.g., NOM, while still attractive to
viruses. However, successful development of such a membrane
or other ones would only be possible through a clear
fundamental understanding of the effects of electrostatic
interactions, the hydrophobic effect, water chemistry, and
other adsorbates on virus attachment at solid−water interfaces.
As previously mentioned, such understanding has to be
complemented by reliable tools that can in-silico predict the
interaction and thus filtration efficiencies of the broad range of
human viruses based only on their structure. In the following
subsections, we discuss these four key topics that are relevant for
virus adsorption, focusing on existing knowledge gaps and how
to address them.
Electrostatic Interactions

Electrostatic interactions are often observed as a simplistic
binary system: oppositely charged viruses and surfaces will
attract and attach to each other, and similarly charged ones will
repel and remain separated from each other.While the attraction
of oppositely charged viruses and surfaces might hold correct for
most cases, interactions of similarly charged ones exhibit more
complex features. Some viruses can extensively adsorb even
under electrostatically repulsive conditions, likely driven by
attractive contributions from, e.g., the hydrophobic effect, cation
bridging, and/or van der Waals interactions.44,98−100 In
comparison to synthetic nanoparticles, which frequently exhibit
uniform surface charge, viruses possess a rather complex charge
character (Figure 2a). All viruses contain a negatively charged
core composed of the virus genome, which can vary considerably
in size and type, e.g., ssRNA, dsRNA, ssDNA, and dsDNA.
Positively and negatively charged amino acid residues are
unevenly distributed on the inner and outer surfaces of the virus
capsid. Additionally, the surface morphology of viruses is very
diverse, with some viruses having a quasi-smooth spherical
surface and others having loops, knobs, and/or pillars
protruding up to tens of nanometers; these features frequently
have a different charge character to the rest of the virus capsid.101

A physicochemical descriptor of viruses that reflects their
complex charge character is missing, impeding the development
of tools that can quantitatively describe and predict electrostatic
interactions of viruses.
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The isoelectric point (IEP) of viruses is often used as a
physicochemical descriptor to rationalize and speculate about
the electrostatic interactions of viruses.62,63,96 The rationale is
that, at pH values above the IEP, viruses will be negatively
charged, thus adsorbing to positively charged surfaces and
repelling from negatively charged surfaces; the other way around
holds for pH values below the IEP. The IEP is, however, a single-
value parameter and does not reflect the charge density of
viruses at different pH values; viruses with very close IEPs can
still exhibit a large variation in their charge density at pH values
below or above the IEP.44,102 It is, therefore, necessary to use a
descriptor that can distinguish virus charges at different pH
values. Experimentally, this could be estimated based on the
electrophoretic mobility of viruses. A variety of experimental
approaches exist that can be used to determine the electro-
phoretic mobility of viruses. Approaches that can simultaneously
distinguish biological macromolecules based on both their
charge and size, e.g., capillary electrophoresis103 and tunable
resistive pulse sensing (TRPS),104 are advantageous over
methods that distinguish based on charge only. The results of
the latter are often compromised by impurities in virus

solutions.105,106 But even when using the proper experimental
approach, there are still two key challenges that hinder the use of
experimentally determined charges. The electric field that drives
the electrophoretic mobility of viruses acts upon the whole virus
and thus reflects the sum of charges from different components
of the virus (Figure 2b). Conversely, virus interactions at
interfaces usually occur at a contact area that is much smaller
than the sum of components dragged by the electric field (Figure
2b). Therefore, a discrepancy between the measured charge and
virus interactions could arise, particularly when assessing viruses
with spatially heterogeneous charge distributions and uneven
morphologies. Finally, experimental charge determination
remains, at best, highly challenging for many human viruses.
For these reasons, several attempts have been made to find a

calculable descriptor for the charge of viruses. Inspired by
globular proteins, initial attempts used the sequence of capsid
proteins to calculate the charge of ionizable amino acids at
different pH values.44,61,80 This approach, however, showed
large discrepancies compared to experimentally determined
charges and to virus surface interactions.44,62,63,80 For example,
based on such calculations, the bacteriophage MS2 is expected

Figure 2. Electrostatic character and interactions of viruses. (a) Schematic depicting the complex charge character of viruses: all viruses contain a
negatively charged genome, which can considerably vary in size and type; they are often composed of several capsid proteins which have different
charge characteristics; their charged moieties are unevenly distributed on the inner and outer surfaces of the virus capsid; charges on the outer surface
can have different spatial distributions. (b) Schematic showing the difference between the sensed charges by electrophoretic mobility-based methods
and the ones that dominate surface interactions. While the electric field driving the electrophoretic mobility of viruses act upon several components
simultaneously, at least on all charges on the outer surface of the virus, virus interactions at surfaces might be dominated by the charged moieties at a
small contact area with the surface. Therefore, the charge character obtained from electrophoretic mobility might not reflect virus interactions,
particularly for large viruses with heterogeneous surfaces and uneven morphologies.
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to carry a net positive charge at pH 6; however, at the same pH
value, it shows strong repulsion from negatively charged
surfaces, strong adsorption to positively charged surfaces, and
electrophoretic mobilities indicative of net negative charge.44

Twomain theories emerged to explain this inconsistency. The
first suggests that there are contributions from the viral genome
toward the net charge of viruses.102,105,107 This theory is
experimentally supported by observations of different electro-
phoretic mobility between virus and virus-like particles (VLPs)
without a genome.105 These results were, however, not
consistent across literature, and some studies have also shown
that VLPs had very similar adsorption behavior to that of
genome-containing viruses.44,108 Despite the growing evidence
that the genome contribution toward electrostatic interactions
might be limited or negligible,62 whether this is also the case for
viruses of different genome sizes and types remains to be
confirmed. This is apropos because most of the aforementioned
studies were conducted using small ssRNA viruses from the
Leviviridae family.
A second, more plausible, theory is that the charge

characteristic of viruses is dominated by the ionizable amino
acids on the outer surface of the capsid, with negligible
contributions from the buried amino acids, the ones on the inner
side of the capsid, and the genome. Calculating viral charge
based on the amino acids of the outer capsid showed a very
promising correlation with electrostatic virus interactions at
interfaces.44,80 The use of this approach requires knowledge of
the 3D structure of the virus, as well as a method to identify the
amino acid residues that reside on the outer surface of the capsid.
Due to advances in structural biology techniques, the number of
high-resolution 3D structures of viruses is increasing exponen-
tially.109 Surprisingly, identifying amino acid residues on the
outer surface of the capsid turn out to be the main challenge
toward applying this approach; computational sorting of amino
acid residues using tools, such as CapsidMap,110 does not agree
with manual sorting using protein visualization softwares.44 This
inconsistency calls for developing and verifying new computa-
tional approaches that can rapidly identify the position of amino
acid residues for the hundreds of available virus structures
without the need for tedious manual work. To circumvent the
need for the 3D structures and identifying the position of amino
acids, Heffron and Mayer63 suggested using the capsid protein
sequence after excluding the known and predicted genome
binding regions. While considering the 3D structure of viruses is
inevitable, if we aim at obtaining a refined descriptor of virus
charge, the results of Heffron and Mayer highlighted a potential
bias in previous literature, which mainly relied on Leviviridae
viruses.62,63 Unlike many other viruses, the genome of
Leviviridae viruses binds extensively to the inner surface of the
capsid protein, which could have contributed to the success of
using the charge from the outer surface of the capsids in previous
studies.44,80 For proper development of a charge descriptor,
future investigations need to consider a broader range of viruses.
The above-mentioned computational approaches have

considered the effect of neither the spatial distribution of
charges nor the surface morphology of viruses. Positively and
negatively charged moieties can have different spatial distribu-
tions on virus surfaces, e.g., clustered or spread out. Such
variation in distribution could occur in both single-protein
capsids and multiprotein capsids. To the best of the authors’
knowledge, the effect of the spatial distribution of the charge has
not yet been investigated. In addition, viruses featuring uneven
surfaces, such as Adenoviruses, Rotaviruses, and Astroviruses,

present another challenge concerning how much these features
contribute to surface interactions compared to the rest of the
capsid proteins. Such relative contributions are also expected to
vary with the thickness of the electrical double layer, which itself
depends on the water chemistry.
Taken together, in order to make significant advances in our

understanding and prediction of electrostatic virus interactions,
it is necessary to develop and validate a calculable
physicochemical descriptor for the charge of viruses. This
descriptor has to reflect the 3D distribution of the charged
moieties, taking into account their radial position, spatial
distribution, and virus morphology. Achieving this end goal is
practically bound to engineering bacteriophages for which each
of the discussed parameters, e.g., spatial distribution of charge
and virus morphology, can be varied systematically while
maintaining the other parameters unchanged.
The Hydrophobic Effect

The hydrophobic effect contributes significantly to virus
adsorption at interfaces, resulting in virus adsorption even
under electrostatic repulsion between negatively charged viruses
and surfaces.44 Developing a quantitative framework/expression
to describe the contribution of the hydrophobic effect to virus
adsorption is, however, more challenging than in the case of
electrostatics. Electrostatic interactions are theoretically well-
explained with expressions accurately describing the energy and
forces of the electrostatic double layer for different geo-
metries.111 Such quantitative theoretical description of the
hydrophobic effect is still missing; the available theoretical
formulations lack the broad consensus in the scientific
community. Research over the last few decades, however, is
slowly revealing the physical origins of the hydrophobic
effect.112−121 A quantitative description of the distance depend-
ence of the hydrophobic effect has largely been impeded by
experimental challenges;120 e.g., reports about the effective
range of the hydrophobic effect varied between approximately
ten nanometers118 and a few micrometers.122 Currently, it is
thought that the decay length of these interactions is in the range
of ≤2 nm and its effective range is up to a few tens of
nanometers.120 Equations describing the distance-dependent
hydrophobic interaction potentials have been suggested for
interacting planar surfaces and nanoparticles.123−125 These
advances will hopefully lead to a unifying theoretical formulation
to describe the hydrophobic effect. However, it is crucial to point
out that, like electrostatic interactions, these formulations are
based on homogeneous, smooth surfaces and nanoparticles.
Therefore, in addition to the lack of a unifying theoretical
formulation, the heterogeneous surface chemistry and morphol-
ogy of viruses present another hurdle, as discussed for
electrostatic interactions. These two challenges have several
implications for assessing the contributions from the hydro-
phobic effect toward virus interactions, which will be discussed
hereafter.
Both experimental and computational attempts to quantify

the hydrophobic character of viruses yield an empirical
qualitative ranking, rather than a quantitative descriptor.
Experimental methods available to study hydrophobicity
include microbial adhesion to hydrocarbons (MATH), hydro-
phobic interactions chromatography, reverse-phase chromatog-
raphy, ANS fluorescence, and aqueous two-phase systems
(ATPS).126 With very rare exceptions,127 their application to
study viruses is almost nonexistent, likely due to several
experimental challenges. This led to the development of new

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.2c00377
JACS Au 2022, 2, 2205−2221

2210

pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


experimental approaches that are more suitable for ranking
viruses according to their hydrophobic character, e.g.,
adsorption to hydrophobic surfaces44,89 and SDS-modified
capillary zone electrophoresis (CZE).103 Adsorption to hydro-
phobic surfaces also includes electrostatic contributions,
because hydrophobic surfaces acquire a pH-dependent negative
charge in aqueous environments,128−130 thus rendering
ambiguous ranking that reflects both the hydrophobic and
electrostatic character of the viruses. SDS-modified CZE relies
on the observation that the electrophoretic mobility of viruses
shifts toward more negative mobility in the presence of SDS,131

which is attributed to binding of the SDS to hydrophobic
patches on the surface of the viruses exposing its negatively
charged polar end, thus increasing the negative charge of the
viruses. While offering a promising experimental tool to
elucidate virus hydrophobicity, further assessment and
validation might be needed before being widely accepted by
the research community. In particular, the potential bias if SDS
binds with its negatively charged end to the positively charged
moieties on the surface of the virus, rendering them neutral; this
would erroneously attribute viruses with higher positive-charge
densities as more hydrophobic.
Even when using such novel approaches, the challenges

discussed with experimental determination of virus charge also
apply to hydrophobicity: (i) measured values reflect the
hydrophobicity of the whole virus, while virus adsorption to
surfaces might be dominated by single components of the virus
or a small patch on the virus surface; and (ii) experimental
results are unattainable for many human viruses. Three
computational approaches have been proposed to assess the
hydrophobic character of viruses, the earliest of which assigns
different scoring indices for each amino acid residue132−134 and
calculates a moving average based on the sequence of the capsid
proteins.44,80,103 Such calculations can be readily performed
using the ProtScale application on the Expasy server.135,136 This
approach yields what is known as the hydropathy index plots.
These plots, however, offer no quantitative measure of the
hydrophobicity of viruses, thus hindering direct and quantitative
comparisons of different viruses. Another approach relies on
calculating the ratio of apolar (hydrophobic) solvent accessible
surface area (SASA) to the total SASA of the virus capsid. When
applied to four different viruses of the Leviviridae family, this
approach yielded almost identical values for the four viruses,
despite the clear difference in their surface interaction with
hydrophobic surfaces.44 Moreover, no improvement was
observed when this approach was applied only to the amino
acids on the outer side of the capsids.44 A more intricate
approach was achieved by applying a scoring system that
exponentially increases with the area of each apolar patch on the
outer surface of the virus capsid,137 in which the total
hydrophobic score is equivalent to the sum of the scores of all
hydrophobic patches on the outer surface of the capsid. When
applied to the same four viruses, the calculated score could very
well explain the hydrophobic interactions observed in virus
adsorption experiments.44 Further verification of this approach
is still needed, ideally using engineered bacteriophages that have
the same amino acid residues on their surfaces but distributed
differently to form hydrophobic patches of different sizes.
Additionally, a representative physicochemical descriptor for the
hydrophobic character of viruses would also need to reflect the
surface morphology of the viruses.

Water Chemistry
The effect of water chemistry, i.e., pH, ionic strength, and ionic
composition, on electrostatic interactions is well documented.
The change in pH alters the protonation state of ionizable
moieties, thus changing the charge of both viruses and adsorbing
surfaces; e.g., as pH decreases, more moieties are protonated,
thus decreasing the net negative charge of a virus and/or a
surface, provided that both are above their IEP.44,84 Changes in
virus and surface charges with pH have a substantial effect on
virus adsorption to interfaces;44,70,81,87,138,139 for example, while
MS2 showed no detectable adsorption at pH > 6 to a negatively
charged surface composed of carboxyl-terminated self-
assembled monolayers, it extensively adsorbed to the same
surface at pH 5.44 Ionic strength also has a well-elucidated effect
on electrostatics; the increase in ionic strength screens the
electric double layer and thus shields electrostatics. This is
particularly manifested in the case of electrostatic repulsion, in
which the increase in ionic strength results in shielding the
repulsive forces, allowing viruses to attach to the surface via
interactions, such as the hydrophobic effect.44,84,138 Changes in
ionic composition also influence virus adsorption; arguably, the
most striking change in virus interactions occurs when
multivalent cations are added or removed from solu-
tion.76,78,90,98,140−143 For instance, the addition of 1 mM Ca2+
increased the adsorption efficiency of MS2 to NOM by almost 2
orders of magnitude.140 Multivalent cations are orders of
magnitude more efficient than monovalent ones in reducing the
electric potential at interfaces; e.g., a CaCl2 electrolyte will be
approximately 100 times more effective in reducing the potential
than a NaCl electrolyte with the same molar concentration.111

Not only do multivalent cations affect the electric potential of
charged entities, but they can also bind to negatively charged
moieties, thus altering the surface charge and reducing the
(negative) electric potential further.111 This binding can
mediate what is known as cation bridging, in which a cation
bridges two negatively charged moieties, e.g., two carboxyl
groups on the surface of a virus and an adsorbent. It has been
speculated that cation bridging occurs only with specific
negatively charged moieties, particularly carboxyl groups.84

For waterborne viruses, Mg2+ and Ca2+ are the twomost relevant
multivalent cations due to their abundance in surface water.144

Initial reports suggested that Ca2+ is more efficient thanMg2+ for
cation bridging.140 Using locally high concentrations of divalent
cations at the interface between the filtration material and water
is a potential, but unexplored, approach to enhance adsorption-
based filtration of viruses. However, certain knowledge gaps
about the role of divalent cations need to be addressed first. (i)
The specificity of cation bridging to carboxyl groups needs to be
verified. (ii) If cation bridging is specific to carboxyl groups, does
this imply that the higher the density of these groups, the larger
the capacity of virus adsorption, or would electrostatic repulsion
override the effect of the cations? (iii) What happens to the
viruses under depletion conditions of the divalent cations? Do
they desorb or remain attached, and how is this affected by the
physicochemical properties of the adsorbent? (iv) Is Ca2+ indeed
more efficient than Mg2+? If yes, in which molarity range is this
difference noticeable?
It is important to mention that solution chemistry affects not

only electrostatic interactions but also the hydrophobic effect.
Hydrophobic surfaces tend to acquire a net negative charge in
aqueous environments. This charge depends on pH, ionic
strength, and ionic composition, i.e., multivalent cations,128−130

which is also reflected in virus adsorption to hydrophobic
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surfaces.44 This is worth noting because, taking into
consideration the very diverse scientific community that studies
virus adsorption, this phenomenon might go unnoticed.
Effect of Coadsorbates

In our discussion of the effect of coadsorbates on virus
adsorption, we mainly consider NOM, which is arguably the
most abundant and ubiquitous coadsorbate in water and
wastewater.145−148 NOM possesses a net negative charge at
circumneutral pH values,149 thus likely exhibiting comparable
electrostatic interactions to many viruses. Several studies have
demonstrated that the presence of NOM suppresses virus
adsorption.70,78,79,86,138,150−153 This effect was, however, virus-
dependent: for example, while MS2 adsorption to soil minerals
and sand was suppressed in the presence of NOM, little to no
effect was observed in the case ofΦX174.151 The mechanism by
which coadsorbates affect virus adsorption was neatly
demonstrated using in situ adsorption experiments to positively
charged surfaces of four different viruses that exhibit different
affinities to NOM.45 The results showed that viruses, e.g., MS2,
that show net repulsive interactions with NOM exhibit markedly
reduced adsorption in the presence of NOM, whereas, viruses,
e.g., Qβ, that show net attractive interactions with NOM are
only minimally affected by the presence of the NOM (Figure
3).45 As anticipated, the suppressive effect of NOM on
adsorption of some viruses was dependent on NOM
concentration: the higher the NOM concentration, the fewer
viruses that were adsorbed. Using a random sequential
adsorption (RSA) model for a binary system of adsorbates,
the study also revealed the significant effect of minor interaction
details on the adsorption capacity of viruses, e.g., the minimum
contact area required for virus attachment to the surface and the
unfolding, i.e., spreading out, of NOM upon adsorption to
surfaces.
The suppressive effect of NOMon virus adsorption presents a

massive challenge for adsorption-based filtration. Novel and
innovative ideas to overcome such challenge will likely emerge if
a deeper understanding is obtained of multi-adsorbate systems
in complex environments. For example, little is known about
how controlling the size and pattern of attractive patches on a
surface would affect the adsorption kinetics and capacity of
viruses in such systems.

■ VIRUS INACTIVATION AT INTERFACES
Virus adsorption to certain surfaces, such as iron (oxy)-
hydroxides, has been shown to accelerate virus inactiva-
tion.79,99,100,154,155 This is often mediated by chemical reactions
with reactive oxygen species (ROS) that are present with locally
high concentrations in very close proximity to such surfaces and
rapidly decay even at short distances from the surface.99,155

However, the production of ROS often requires sunlight or the
addition of chemicals, such as H2O2.

99,155−158 The need for light
exposure or the addition of chemicals complicates the use of
adsorption-based filters and runs counter to the original
objective of developing facile technologies that can be used for
POUwater treatment. Some research results have indicated that
strong interactions between viruses and surfaces could
potentially result in virus disintegration and thus inactiva-
tion.79,100,154 Based on experiments with isotopically labeled
viruses, Murray and Laband100 postulated that van der Waals
interactions between Poliovirus and CuO could result in virus
disintegration. Using a similar approach, Ryan et al.154 suggested
that strong electrostatic interactions of PRD1 andMS2with iron

oxides can cause virus disintegration. Gutierrez et al.79 recovered
only 2% of infection Rotavirus after interaction with Hematite;
in comparison, 64% of infectious MS2 was recovered. TEM
images suggested that Rotavirus might have been damaged by its
interactions with Hematite. Conversely, in situ adsorption
experiments of MS2, fr, GA, and Qβ to positively charged
surfaces, under conditions favoring very strong attractive
interactions, have shown no signs of viral disintegration.44

Unequivocal evidence of virus disintegration due to physical
interactions only is still missing, as well as themechanism behind
such disintegration. Indeed, the search for a surface that can
spontaneously inactivate nonenveloped viruses should be
unrelentingly pursued. Future research should also investigate
the potential synergetic effect of various parameters, such as
surface roughness, charge, and hydrophobicity, on virus
inactivation. Identification of surface properties that have
virucidal effects would constitute a seminal advancement in
our fight against waterborne viruses.

■ EXPERIMENTAL CONSIDERATIONS
The scientific community that is interested in virus adsorption to
solid−water interfaces is a very broad one, including, among
others, material scientists, environmental chemists, micro-
biologists, food scientists, virologists, and physicists. In this
section, we briefly discuss a few experimental considerations to
assist in avoiding misinterpretation of experimental results.
Virus Solution Purity

High purity virus solutions are a prerequisite for successful
physicochemical characterization of viruses and for mechanistic
adsorption studies. It has been previously shown that different
purification protocols result in different electrophoretic
mobilities,105,106 size distributions,105,106 and adsorption behav-
ior44 of viruses. The effect of impurities on virus adsorption is
mechanistically similar to the effect of coadsorbates depicted in
Figure 3. Virus adsorption studies are often conducted by either
measuring the decrease in virus concentration after adsorption
or by monitoring mass change using in situ surface-based
techniques. For the former, impurities could result in a
substantial underestimation of the adsorption capacity. For the
latter, and since mass monitoring is not specific to viruses,
impurities could additionally result in erroneously reporting
adsorption of impurities as adsorption of viruses. If not
intentionally inspected, the impact of impurities can, in many
cases, go unnoticed.44

Various protocols exist for virus propagation, purification, and
concentration, the most used of which are PEG precipitation,
CsCl density gradient centrifugation, and buffer washing using
dialysis or centrifugal ultrafiltration. Some protocols also
comprise a combination of these methods.46 While some
studies claim that using the CsCl gradient yields the highest
purity,105,106 there are not enough studies to reach a generic
recommendation. Variations in the rigor of experimental
practice could also compromise the purity of the virus solution,
even when using the same protocol. Furthermore, it has been
reported that viruses might disintegrate over time, even when
stored in the dark at 4 °C, thus interfering with mechanistic
adsorptions studies.44 Irrespective of the purification protocol, it
is, therefore, recommended to periodically run purity control
experiments, e.g., adsorption experiments under conditions of
well-known theoretical and experimental results.44
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Quantification of Viruses and Their Integrity

Virus solutions contain several populations: infectious viruses,
noninfectious/genome-containing viruses, and noninfectious/
genome-free viruses (Figure 4a). The two most common ways
to determine virus concentrations are quantifying the number of
infectious viruses and the number of genomes, i.e., genome
count (Figure 4b,c). The number of infectious viruses is usually
determined using plaques assays or median tissue culture
infectious dose (TCID50). In the plaque assays, the virus-
containing solution is plated with the host cells in a Petri-dish;
after the due incubation period under optimized conditions for
cell growth, the number of plaques, i.e., spots where cells were
lysed by infectious viruses, is counted. Each plaque represents
one infectious virus, and the virus concentration is expressed as
plaque forming units (PFU)/ml. A special variation of plaque
assays is the focus forming assay (FFA), which is commonly
used for viruses that do not lyse the host cells and thus do not
form plaques. FFA utilizes an immunostaining technique using
fluorescently labeled antibodies that are specific to one of the
viral proteins. Infected cells will exhibit a high virus
concentration in their vicinity, forming clusters (foci). Virus
concentrations are thus represented in focus forming units
(FFU)/ml. TCID50 is an end point assay in which the end point
reflects the dilution that results in killing 50% of the hosts.
TCID50 is assessed by either monitoring the death of the host,
e.g., laboratory rats, or monitoring the cytopathic effect of host
cells; it is represented as TCID50/ml. Both plaque assays and

TCID50 are performed for a dilution series of the solution under
consideration. The large majority of virus filtration/inactivation
studies report virus infectivity only, either in PFU/ml or
TCID50/ml, which is the most relevant parameter when
assessing the efficiency of the filtration/inactivation approach
and the safety to consume the effluent water. The efficiency of
filtration is often reported as log reduction values (LRV) in the
virus concentration of the effluent over the influent concen-
tration, where 1 LRV is equivalent to 90% filtration efficiency, 2
LRV ≡ 99% filtration efficiency, 3 LRV ≡ 99.9% filtration
efficiency, etc.
However, by measuring infectivity alone, it is not possible to

differentiate between inactivated and irreversibly adsorbed
viruses, as both of them will result in a reduction in the
concentration of infectious viruses in the effluent. Simultaneous
determination of the genome count offers a better under-
standing of the filtration/inactivation process since it also
enables determining the portion of viruses that has been
inactivated. The genome count is determined using real-time
polymerase chain reaction (qPCR), in which a segment of the
viral genome is replicated through PCR cycles taking place in a
thermocycler. The number of cycles required to achieve a
detectable concentration of the genome is then used to calculate
the genome count in the original sample based on a calibration
curve. It is important to note that the genome count of lab-
propagated viruses is often 1 to 3 orders of magnitude higher
than the number of infectious viruses.44,46 As viruses get
inactivated, the ratio of infectious viruses to the genome count

Figure 3.Competitive and coadsorption systems. Schematics showing two different scenarios for adsorption of virus in the presence of a coadsorbate.
If the virus and the coadsorbate have net repulsive interactions, then they will experience competitive adsorption and thus a significant decrease in the
adsorption capacity for the virus. Conversely, if they have net attractive interactions then they will coadsorb with limited effect on the adsorption
capacity for the virus. Adapted from ref 45. Copyright 2016 American Chemical Society.
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decreases; this ratio is particularly important when evaluating
the efficiency of virus inactivation by any approach. Viruses
could get inactivated while passing through the filter, e.g., due to
interaction with dissolved ions. They could also get inactivated
after attaching to the filter media. In order to assess the
inactivation of attached viruses, it would be necessary to first
elute them and assess their infectivity and genome count.
Elution efficiency varies based on the virus and the

adsorbent.99,155,159,160 Assuming that there is no preferential
adsorption or elution of infectious or noninfectious viruses, the
decrease in the ratio of the infectious viruses to genome count in
the effluent or the eluent is a strong indicator of virus
inactivation (Figure 5).
While these are the most common approaches to quantity

virus concentration, many other different techniques also exist,
e.g., cryo-transmission electron microscopy (cryo-TEM) to

Figure 4. Quantification of viruses. (a) Schematic showing the different populations that exist in a virus solution: infectious viruses, noninfectious/
genome-containing, and noninfectious/genome-free. Different quantification methods, e.g., infectivity assays, qPCR, and TEM, will assess different
populations. (b) Schematics showing three different ways to express the concentration of infectious viruses: plaque-forming units, focus-forming units,
and TCID50. (c) Schematic showing RT-qPCR to determine the genome count of viruses. The RT, i.e., reverse transcriptase, step is only needed for
RNA viruses. Viruses containing incomplete genomes that have the segment being replicated in the PCRwill still be counted: the contrary also applies;
viruses containing incomplete genomes that do not have the segment being replicated will not be counted.
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count the number of virus particles, protein assays to determine
the protein concentration of a virus, enzyme-linked immuno-
sorbent assay (ELISA) to determine the concentration of an
antibody-binding virus protein, and tunable resistive pulse
sensing (TRPS) for counting virus particles. Each of these
approaches measures a different aspect of the virus concen-
tration.

■ SELECTED EXAMPLES OF ADSORPTION-BASED
FILTERS

Numerous filter materials have been tested to trap waterborne
viruses.40 Most of these filters take one of three forms: solid
porous media,70,71,161 filtration columns,69,72,74,75,79,162−164 and
thin membranes46,73,138,139,165,166 (Figure 6). With very few

exceptions, these materials are composed of a skeletal
component and a coating/decoration. The former makes the
bulk material and could be, among others, ceramics,70,71,75,161

a l u m i n a , 7 4 m u l t i w a l l e d c a r b o n n a n o t u b e s
(MWCNTs),138,139,165,166 cellulose,73 glass fibers,79 or amyloid
fibrils.46 The latter comprises the adsorption sites for virus
attachment and is often made of metal oxide coating or
nanoparticles, for example, magnesium oxyhydroxide,71 copper
and copper oxides,74,166 and iron oxyhydroxide.46 In the
following section, we will briefly discuss three recent innovations
which achieved notable advances in the field; a comprehensive
literature review of adsorption-based filters has been recently
covered by Sellaoui et al.40

Figure 5. Adsorption versus adsorption and inactivation. Schematics showing how to determine filtration efficiency and differentiate between filters
that adsorb viruses only or other ones that adsorb and inactivate viruses. IN: represents virus concentration of the contaminated water; OUT: virus
concentration after filtration; ELUTED: virus concentration after eluting adsorbed virus using an eluent, usually a high pH buffer solution. These
calculations were based on the following two assumptions: no preferential adsorption or elution of any of the virus populations; the inactivation
mechanism does not cause damage to the genome segment that is replicated in the qPCR quantification.
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Canh et al.72 produced novel porous carbon (NPC) from rice
husk by silica removal, followed by steam activation and acid
rinse. The material could be considered as a special form of
activated carbon (AC). Conventionally produced AC often
shows low filtration efficacy of viruses but is particularly effective
against small molecule contaminants. The results of Canh et al.
showed a significant improvement over previous attempts with
AC, reducing the incubation time from 8 h to 60 min while
achieving approximately 5 LRV of MS2. The experiments were
also unintentionally conducted in the presence of 6.7 mg/L
T0C; while being a very low concentration, it shows that the
NPC could still be effective under minor competitive adsorption
conditions from dissolved carbon. Particularly important is that
the material is produced from rice husk and thus is in full
accordance with the global need for waste valorization.
Palika et al.46 produced a viral trap made of amyloid fibrils and

iron oxyhydroxide nanoparticles. The material showed more
than 5 LRV of MS2 and approximately 0.5 LRV of Enterovirus
71. The material seems to also have a partial inactivation effect
on MS2; while the inactivation effect is not pronounced, it
presents promise for further optimization to reach higher
efficiencies of inactivation. The material offers one of the most
environmentally friendly approaches to water filtration. Its main
component is β-lactoglobulin (BLG), which is derived from
byproducts of the dairy industry. The second component of the
material is iron oxyhydroxides, which is a naturally existing
material with no toxicity to humans or the environment. In
addition, the production of the material requires very little
energy and no use of harsh chemicals or petrochemicals. A
closely related material, amyloid fibrils-carbon hybrid, has been
previously used to filter a broad range of contaminants, including
heavy metal ions, metal cyanides, and nuclear waste,167 opening

the possibility for broader applications of a further developed
version of the material virus filtration and beyond.
Yüzbasi et al.75 recently developed a granular material with a

ceramic core coated with MgAl204. The material showed high
efficiency in removal of MS2 and fr, in which only 4 g of the
material was enough to achieve >7 LRV of 1 L of virus-
contaminated water. The efficiency remained the same for fr,
even when filtering 2 L; for MS2, the efficiency went down to
approximately 4.5 LRV when filtering 2 L of virus-contaminated
water. The granules rely on low-cost raw materials and are
chemically and mechanically very stable. Their high stability
enables regeneration of the material by backing at 400 °C.While
this is a relatively high temperature and the real extent of
regeneration needs to be further assessed, the possibility to
regenerate virus filters by applying heat only, without the need
for chemical cleaning, is a major step toward sustainable
filtration solutions.

■ OUTLOOK AND CONCLUSIONS
Adsorption-based filtration offers a propitious approach to
address the challenge of providing safe drinking water for an
enormous world population of almost 8 billion people, with
minimal, if any, negative impact on the climate crisis and the
environment. Despite the progress achieved through years of
research and assessment of different materials, a filter that can
meet all the expectations is still missing. We argue that achieving
substantial progress toward developing such filters would be
built on a better fundamental understanding of virus interactions
and inactivation at solid−water interfaces. Achieving such an
understanding entails adopting new descriptors for the
physicochemical descriptors of viruses, advancing beyond
traditionally used descriptors that were mainly developed to
describe homogeneous, smooth, and spherical nanoparticles.

Figure 6. Selected examples of adsorption-based filters. Most adsorption-based filters come in one of the three depicted forms: solid porous
media,70,71,161 filtration columns,69,72,74,75,79,162−164 and thin membranes.46,73,138,139,165,166 The schematics are artistic representations of the selected
filters; they are not drawn to scale and should not be interpreted as an accurate depiction of the mentioned filters. Green circles represent viruses, and
the red color represents the coating or nanoparticles that adsorb viruses.
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Viruses are, in contrast, chemically heterogeneous with very
diverse morphologies. To this end, it is necessary to harness the
power of newly developed microbiological tools, in particular
the versatility offered by advances in targeted gene engineering
of bacteriophages. Additionally, the power of computational
tools has to be exploited in order to use such physicochemical
descriptors to predict the efficacy of newly developed filters for
the broad variety of human waterborne viruses. Ultimately, top-
down and bottom-up approaches from the molecular to the
colloidal scale will have to be successfully combined to meet all
the challenges associated with the design of efficient waterborne
virus traps.
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(75) Yüzbasi, N. S.; Krawczyk, P. A.; Domagała, K. W.; Englert, A.;
Burkhardt, M.; Stuer, M.; Graule, T. Removal of MS2 and Fr
Bacteriophages Using Ceramic Granules for Drinking Water Treat-
ment. membranes 2022, 12, 471.
(76) Bitton, G. Adsorption of Viruses onto Surfaces in Soil andWater.
Water Res. 1975, 9 (5−6), 473−484.
(77) Lipson, S. M.; Stotzky, G. Adsorption of Reovirus to Clay
Minerals: Effects of Cation-Exchange Capacity, Cation Saturation, and
Surface Area. Appl. Environ. Microbiol. 1983, 46 (3), 673−682.
(78) Moore, R. S.; Taylor, D. H.; Reddy, M. M. M.; Sturman, L. S.
Adsorption of Reovirus by Minerals and Soils. Appl. Environ. Microbiol.
1982, 44 (4), 852−859.
(79) Gutierrez, L.; Li, X.; Wang, J.; Nangmenyi, G.; Economy, J.;
Kuhlenschmidt, T. B.; Kuhlenschmidt, M. S.; Nguyen, T. H.
Adsorption of Rotavirus and Bacteriophage MS2 Using Glass Fiber
Coated with Hematite Nanoparticles.Water Res. 2009, 43 (20), 5198−
5208.
(80) Penrod, S. L.; Olson, T. M.; Grant, S. B. Deposition Kinetics of
Two Viruses in Packed Beds of Quartz Granular Media. Langmuir
1996, 12 (23), 5576−5587.
(81) Redman, J. A.; Grant, S. B.; Olson, T. M.; Hardy, M. E.; Estes, M.
K. Filtration of Recombinant Norwalk Virus Particles and Bacter-
iophage MS2 in Quartz Sand: Importance of Electrostatic Interactions.
Environ. Sci. Technol. 1997, 31 (12), 3378−3383.
(82) Schijven, J. F.; Hassanizadeh, S. M.; de Bruin, R. H. A. M. Two-
Site Kinetic Modeling of Bacteriophages Transport through Columns
of Saturated Dune Sand. Journal of Contaminant Hydrology 2002, 57
(3−4), 259−279.

(83) da Silva, A. K.; Kavanagh, O. v.; Estes, M. K.; Elimelech, M.
Adsorption and Aggregation Properties of Norovirus GI and GII Virus-
like Particles Demonstrate Differing Responses to Solution Chemistry.
Environ. Sci. Technol. 2011, 45 (2), 520−526.
(84) Yuan, B.; Pham, M.; Nguyen, T. H. Deposition Kinetics of
Bacteriophage MS2 on a Silica Surface Coated with Natural Organic
Matter in a Radial Stagnation Point Flow Cell. Environ. Sci. Technol.
2008, 42 (20), 7628−7633.
(85) Zerda, K. S.; Gerba, C. P.; Hou, K. C.; Goyal, S. M. Adsorption of
Viruses to Charge-Modified Silica. Appl. Environ. Microbiol. 1985, 49
(1), 91−95.
(86) Fuhs, G. W.; Chen, M.; Sturman, L. S.; Moore, R. S. Virus
Adsorption to Mineral Surfaces Is Reduced by Microbial Overgrowth
and Organic Coatings. Microbial Ecology 1985, 11 (1), 25−39.
(87) Taylor, D. H.; Moore, R. S.; Sturman, L. S. Influence of PH and
Electrolyte Composition on Adsorption of Poliovirus by Soils and
Minerals. Appl. Environ. Microbiol. 1981, 42 (6), 976−984.
(88) Shields, P. A.; Farrah, S. R. Influence of Salts on Electrostatic
Interactions between Poliovirus and Membrane Filters. Appl. Environ.
Microbiol. 1983, 45 (2), 526−531.
(89) Dika, C.; Ly-Chatain, M. H.; Francius, G.; Duval, J. F. L.;
Gantzer, C. Non-DLVO Adhesion of F-Specific RNA Bacteriophages
to Abiotic Surfaces: Importance of Surface Roughness, Hydrophobic
and Electrostatic Interactions. Colloids Surf., A 2013, 435, 178−187.
(90) Bales, R. C.; Hinkle, S. R.; Kroeger, T.W.; Stocking, K.; Gerba, C.
P. Bacteriophage Adsorption during Transport through Porous Media:
Chemical Perturbations and Reversibility. Environ. Sci. Technol. 1991,
25 (12), 2088−2095.
(91) Matsushita, T.; Suzuki, H.; Shirasaki, N.; Matsui, Y.; Ohno, K.
Adsorptive Virus Removal with Super-Powdered Activated Carbon.
Sep. Purif. Technol. 2013, 107, 79−84.
(92) Langlet, J.; Gaboriaud, F.; Duval, J. F. L.; Gantzer, C. Aggregation
and Surface Properties of F-Specific RNA Phages: Implication for
Membrane Filtration Processes. Water Res. 2008, 42 (10−11), 2769−
2777.
(93) Britt, D. W.; Buijs, J.; Hlady, V. Tobacco Mosaic Virus
Adsorption on Self-Assembled and Langmuir - Blodgett Monolayers
Studied by TIRF and SFM. Thin Solid Films 1998, 327−329 (1−2),
824−828.
(94) Chattopadhyay, S.; Puls, R. W. Adsorption of Bacteriophages on
Clay Minerals. Environ. Sci. Technol. 1999, 33 (20), 3609−3614.
(95) van Voorthuizen, E. M.; Ashbolt, N. J.; Schäfer, A. I. Role of
Hydrophobic and Electrostatic Interactions for Initial Enteric Virus
Retention by MF Membranes. J. Membr. Sci. 2001, 194 (1), 69−79.
(96) Michen, B.; Graule, T. Isoelectric Points of Viruses. J. Appl.
Microbiol. 2010, 109 (2), 388−397.
(97) Armanious, A.; Aeppli, M.; Sander, M. Dissolved Organic Matter
Adsorption to Model Surfaces: Adlayer Formation, Properties, and
Dynamics at the Nanoscale. Environ. Sci. Technol. 2014, 48 (16), 9420−
9429.
(98) Gutierrez, L.; Mylon, S. E.; Nash, B.; Nguyen, T. H. Deposition
and Aggregation Kinetics of Rotavirus in Divalent Cation Solutions.
Environ. Sci. Technol. 2010, 44 (12), 4552−4557.
(99) Nieto-Juarez, J. I.; Kohn, T. Virus Removal and Inactivation by
Iron (Hydr)Oxide-Mediated Fenton-like Processes under Sunlight and
in the Dark. Photochemical and Photobiological Sciences 2013, 12 (9),
1596−1605.
(100) Murray, J. P.; Laband, S. J. Degradation of Poliovirus by
Adsorption on Inorganic Surfaces. Appl. Environ. Microbiol. 1979, 37
(3), 480−486.
(101) Meder, F.; Wehling, J.; Fink, A.; Piel, B.; Li, K.; Frank, K.;
Rosenauer, A.; Treccani, L.; Koeppen, S.; Dotzauer, A.; Rezwan, K. The
Role of Surface Functionalization of Colloidal Alumina Particles on
Their Controlled Interactions with Viruses. Biomaterials 2013, 34 (17),
4203−4213.
(102) Dika, C.; Duval, J. F. L.; Francius, G.; Perrin, A.; Gantzer, C.
Isoelectric Point Is an Inadequate Descriptor of MS2, Phi X 174 and
PRD1 Phages Adhesion on Abiotic Surfaces. J. Colloid Interface Sci.
2015, 446, 327−334.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.2c00377
JACS Au 2022, 2, 2205−2221

2219

https://doi.org/10.1128/AEM.01674-20
https://doi.org/10.1128/AEM.01674-20
https://doi.org/10.1128/AEM.01674-20
https://doi.org/10.1128/MMBR.00069-15
https://doi.org/10.1128/MMBR.00069-15
https://doi.org/10.1016/j.tim.2018.09.006
https://doi.org/10.1016/j.tim.2018.09.006
https://doi.org/10.1073/pnas.1714658115
https://doi.org/10.1073/pnas.1714658115
https://doi.org/10.1016/j.cels.2015.08.013
https://doi.org/10.1016/j.cels.2015.08.013
https://doi.org/10.1002/btpr.2061
https://doi.org/10.1021/es903221p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es903221p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es903221p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jeurceramsoc.2007.11.002
https://doi.org/10.1016/j.jeurceramsoc.2007.11.002
https://doi.org/10.1021/es303685a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es303685a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/w13091280
https://doi.org/10.3390/w13091280
https://doi.org/10.1002/smll.202100307
https://doi.org/10.1002/smll.202100307
https://doi.org/10.1002/smll.202100307
https://doi.org/10.1021/acs.est.9b05211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/membranes12050471
https://doi.org/10.3390/membranes12050471
https://doi.org/10.3390/membranes12050471
https://doi.org/10.1016/0043-1354(75)90071-8
https://doi.org/10.1128/aem.46.3.673-682.1983
https://doi.org/10.1128/aem.46.3.673-682.1983
https://doi.org/10.1128/aem.46.3.673-682.1983
https://doi.org/10.1128/aem.44.4.852-859.1982
https://doi.org/10.1016/j.watres.2009.08.031
https://doi.org/10.1016/j.watres.2009.08.031
https://doi.org/10.1021/la950884d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la950884d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es961071u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es961071u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0169-7722(01)00215-7
https://doi.org/10.1016/S0169-7722(01)00215-7
https://doi.org/10.1016/S0169-7722(01)00215-7
https://doi.org/10.1021/es102368d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es102368d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es801003s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es801003s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es801003s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1128/aem.49.1.91-95.1985
https://doi.org/10.1128/aem.49.1.91-95.1985
https://doi.org/10.1007/BF02015106
https://doi.org/10.1007/BF02015106
https://doi.org/10.1007/BF02015106
https://doi.org/10.1128/aem.42.6.976-984.1981
https://doi.org/10.1128/aem.42.6.976-984.1981
https://doi.org/10.1128/aem.42.6.976-984.1981
https://doi.org/10.1128/aem.45.2.526-531.1983
https://doi.org/10.1128/aem.45.2.526-531.1983
https://doi.org/10.1016/j.colsurfa.2013.02.045
https://doi.org/10.1016/j.colsurfa.2013.02.045
https://doi.org/10.1016/j.colsurfa.2013.02.045
https://doi.org/10.1021/es00024a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es00024a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.seppur.2013.01.017
https://doi.org/10.1016/j.watres.2008.02.007
https://doi.org/10.1016/j.watres.2008.02.007
https://doi.org/10.1016/j.watres.2008.02.007
https://doi.org/10.1016/S0040-6090(98)00770-6
https://doi.org/10.1016/S0040-6090(98)00770-6
https://doi.org/10.1016/S0040-6090(98)00770-6
https://doi.org/10.1021/es9811492?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es9811492?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0376-7388(01)00522-1
https://doi.org/10.1016/S0376-7388(01)00522-1
https://doi.org/10.1016/S0376-7388(01)00522-1
https://doi.org/10.1111/j.1365-2672.2010.04663.x
https://doi.org/10.1021/es5026917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es5026917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es5026917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es100120k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es100120k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3pp25314g
https://doi.org/10.1039/c3pp25314g
https://doi.org/10.1039/c3pp25314g
https://doi.org/10.1128/aem.37.3.480-486.1979
https://doi.org/10.1128/aem.37.3.480-486.1979
https://doi.org/10.1016/j.biomaterials.2013.02.059
https://doi.org/10.1016/j.biomaterials.2013.02.059
https://doi.org/10.1016/j.biomaterials.2013.02.059
https://doi.org/10.1016/j.jcis.2014.08.055
https://doi.org/10.1016/j.jcis.2014.08.055
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(103) Bastin, G.; Gantzer, C.; Sautrey, G. New Method to Quantify
Hydrophobicity of Non-Enveloped Virions in Aqueous Media by
Capillary Zone Electrophoresis. Virology 2022, 568, 23−30.
(104) Weatherall, E.; Willmott, G. R. Applications of Tunable
Resistive Pulse Sensing. Analyst 2015, 140 (10), 3318−3334.
(105) Dika, C.; Gantzer, C.; Perrin, A.; Duval, J. F. L. Impact of the
Virus Purification Protocol on Aggregation and Electrokinetics of MS2
Phages and Corresponding Virus-like Particles. Phys. Chem. Chem. Phys.
2013, 15 (15), 5691−5700.
(106) Shi, H.; Tarabara, V. v. Charge, Size Distribution and
Hydrophobicity of Viruses: Effect of Propagation and Purification
Methods. Journal of Virological Methods 2018, 256, 123−132.
(107) Langlet, J.; Gaboriaud, F.; Gantzer, C.; Duval, J. F. L. Impact of
Chemical and Structural Anisotropy on the Electrophoretic Mobility of
Spherical Soft Multilayer Particles: The Case of Bacteriophage MS2.
Biophys. J. 2008, 94 (8), 3293−3312.
(108) Nguyen, T. H.; Easter, N.; Gutierrez, L.; Huyett, L.; Defnet, E.;
Mylon, S. E.; Ferri, J. K.; Viet, N. A. The RNA Core Weakly Influences
the Interactions of the Bacteriophage MS2 at Key Environmental
Interfaces. Soft Matter 2011, 7 (21), 10449−10456.
(109) Montiel-Garcia, D.; Santoyo-Rivera, N.; Ho, P.; Carrillo-Tripp,
M.; Brooks, C. L.; Johnson, J. E.; Reddy, V. S. VIPERdb v3.0: A
Structure-BasedData Analytics Platform for Viral Capsids.Nucleic Acids
Res. 2021, 49 (D1), D809−D816.
(110) Carrillo-Tripp, M.; Montiel-García, D. J.; Brooks, C. L.; Reddy,
V. S. CapsidMaps: Protein-Protein Interaction Pattern Discovery
Platform for the Structural Analysis of Virus Capsids Using Google
Maps. J. Struct. Biol. 2015, 190 (1), 47−55.
(111) Israelachvili, J. N. Electrostatic Forces between Surfaces in
Liquids. Intermolecular and Surface Forces 2011, 291−340.
(112) Chandler, D. Interfaces and the Driving Force of Hydrophobic
Assembly. Nature 2005, 437, 640−647.
(113) Patel, A. J.; Varilly, P.; Jamadagni, S. N.; Acharya, H.; Garde, S.;
Chandler, D. Extended SurfacesModulate Hydrophobic Interactions of
Neighboring Solutes. Proc. Natl. Acad. Sci. U. S. A. 2011, 108 (43),
17678−17683.
(114) Patel, A. J.; Varilly, P.; Jamadagni, S. N.; Hagan, M. F.;
Chandler, D.; Garde, S. Sitting at the Edge: How Biomolecules Use
Hydrophobicity to Tune Their Interactions and Function. J. Phys.
Chem. B 2012, 116 (8), 2498−2503.
(115) Davis, J. G.; Gierszal, K. P.; Wang, P.; Ben-Amotz, D. Water
Structural Transformation at Molecular Hydrophobic Interfaces.
Nature 2012, 491 (7425), 582−585.
(116) Lum, K.; Luzar, A. Pathway to Surface-Induced Phase
Transition of a Confined Fluid. Phys. Rev. E 1997, 56 (6), R6283−
R6286.
(117) Lum, K.; Chandler, D.; Weeks, J. D. Hydrophobicity at Small
and Large Length Scales. J. Phys. Chem. B 1999, 103 (22), 4570−4577.
(118) Israelachvili, J. N.; Pashley, R. The Hydrophobic Interaction Is
Long Range, Decaying Exponentially with Distance. Nature 1982, 300
(5890), 341−342.
(119) Meyer, E. E.; Rosenberg, K. J.; Israelachvili, J. N. Recent
Progress in Understanding Hydrophobic Interactions. Proc. Natl. Acad.
Sci. U. S. A. 2006, 103 (43), 15739−15746.
(120) Donaldson, S. H.; Røyne, A.; Kristiansen, K.; Rapp, M. v.; Das,
S.; Gebbie, M. A.; Lee, D. W.; Stock, P.; Valtiner, M.; Israelachvili, J. N.
Developing a General Interaction Potential for Hydrophobic and
Hydrophilic Interactions. Langmuir 2015, 31 (7), 2051−2064.
(121) Meyer, E. E.; Lin, Q.; Hassenkam, T.; Oroudjev, E.;
Israelachvili, J. N. Origin of the Long-Range Attraction between
Surfactant-Coated Surfaces. Proc. Natl. Acad. Sci. U. S. A. 2005, 102
(19), 6839−6842.
(122) Hammer, M. U.; Anderson, T. H.; Chaimovich, A.; Shell, M. S.;
Israelachvili, J. The Search for the Hydrophobic Force Law. Faraday
Discuss. 2010, 146, 299−308.
(123) Donaldson, S. H.; Lee, C. T.; Chmelka, B. F.; Israelachvili, J. N.
General Hydrophobic Interaction Potential for Surfactant/Lipid
Bilayers from Direct Force Measurements between Light-Modulated
Bilayers. Proc. Natl. Acad. Sci. U. S. A. 2011, 108 (38), 15699−15704.

(124) Donaldson, S. H.; Das, S.; Gebbie, M. A.; Rapp, M.; Jones, L. C.;
Roiter, Y.; Koenig, P. H.; Gizaw, Y.; Israelachvili, J. N. Asymmetric
Electrostatic and Hydrophobic-Hydrophilic Interaction Forces be-
tween Mica Surfaces and Silicone Polymer Thin Films. ACS Nano
2013, 7 (11), 10094−10104.
(125) Sánchez-Iglesias, A.; Grzelczak, M.; Altantzis, T.; Goris, B.;
Pérez-Juste, J.; Bals, S.; van Tendeloo, G.; Donaldson, S. H.; Chmelka,
B. F.; Israelachvili, J. N.; Liz-Marzán, L. M. Hydrophobic Interactions
Modulate Self-Assembly of Nanoparticles. ACS Nano 2012, 6 (12),
11059−11065.
(126) Heldt, C. L.; Zahid, A.; Vijayaragavan, K. S.; Mi, X.
Experimental and Computational Surface Hydrophobicity Analysis of
a Non-Enveloped Virus and Proteins. Colloids Surf., B 2017, 153, 77−
84.
(127) Farkas, K.; Varsani, A.; Pang, L. Adsorption of Rotavirus, MS2
Bacteriophage and Surface-Modified Silica Nanoparticles to Hydro-
phobic Matter. Food and Environmental Virology 2015, 7 (3), 261−268.
(128) Schweiss, R.; Welzel, P. B.; Werner, C.; Knoll, W. Dissociation
of Surface Functional Groups and Preferential Adsorption of Ions on
Self-Assembled Monolayers Assessed by Streaming Potential and
Streaming Current Measurements. Langmuir 2001, 17 (14), 4304−
4311.
(129) Schweiss, R.; Pleul, D.; Simon, F.; Janke, A.; Welzel, P. B.; Voit,
B.; Knoll, W.; Werner, C. Electrokinetic Potentials of Binary Self-
Assembled Monolayers on Gold: Acid-Base Reactions and Double
Layer Structure. J. Phys. Chem. B 2004, 108 (9), 2910−2917.
(130) Zimmermann, R.; Freudenberg, U.; Schweiß, R.; Küttner, D.;
Werner, C. Hydroxide and Hydronium Ion Adsorption - A Survey.
Curr. Opin. Colloid Interface Sci. 2010, 15 (3), 196−202.
(131) Sautrey, G.; Brié, A.; Gantzer, C.; Walcarius, A. MS2 and Qβ
Bacteriophages Reveal the Contribution of Surface Hydrophobicity on
the Mobility of Non-Enveloped Icosahedral Viruses in SDS-Based
Capillary Zone Electrophoresis. Electrophoresis 2018, 39 (2), 377−385.
(132) Kyte, J.; Doolittle, R. F. A Simple Method for Displaying the
Hydropathic Character of a Protein. J. Mol. Biol. 1982, 157 (1), 105−
132.
(133) Eisenberg, D.; Schwarz, E.; Komaromy, M.; Wall, R. Analysis of
Membrane and Surface Protein Sequences with the Hydrophobic
Moment Plot. J. Mol. Biol. 1984, 179 (1), 125−142.
(134) Wimley, W. C.; Creamer, T. P.; White, S. H. Solvation Energies
of Amino Acid Side Chains and Backbone in a Family of Host - Guest
Pentapeptides. Biochemistry 1996, 35 (16), 5109−5124.
(135) Gasteiger, E.; Hoogland, C.; Gattiker, A.; Duvaud, S.; Wilkins,
M. R.; Appel, R. D.; Bairoch, A. Protein Identification and Analysis
Tools on the ExPASy Server. Proteomics Protocols Handbook 2005,
571−607.
(136) Duvaud, S.; Gabella, C.; Lisacek, F.; Stockinger, H.; Ioannidis,
V.; Durinx, C. Expasy, the Swiss Bioinformatics Resource Portal, as
Designed by Its Users.Nucleic Acids Res. 2021, 49 (W1), W216−W227.
(137) Jacak, R.; Leaver-Fay, A.; Kuhlman, B. Computational Protein
Design with Explicit Consideration of Surface Hydrophobic Patches.
Proteins: Struct., Funct., Genet. 2012, 80 (3), 825−838.
(138) Brady-Estévez, A. S.; Schnoor, M. H.; Vecitis, C. D.; Saleh, N.
B.; Elimelech, M. Multiwalled Carbon Nanotube Filter: Improving
Viral Removal at Low Pressure. Langmuir 2010, 26 (18), 14975−
14982.
(139) Németh, Z.; Szekeres, G. P.; Schabikowski, M.; Schrantz, K.;
Traber, J.; Pronk,W.; Hernádi, K.; Graule, T. Enhanced Virus Filtration
in Hybrid Membranes with MWCNT Nanocomposite. Royal Society
Open Science 2019, 6 (1), 181294.
(140) Pham, M.; Mintz, E. A.; Nguyen, T. H. Deposition Kinetics of
Bacteriophage MS2 to Natural Organic Matter: Role of Divalent
Cations. J. Colloid Interface Sci. 2009, 338 (1), 1−9.
(141) Lance, J. C.; Gerba, C. P. Effect of Ionic Composition of
Suspending Solution on Virus Adsorption by a Soil Column. Appl.
Environ. Microbiol. 1984, 47 (3), 484−488.
(142) Sobsey, M. D.; Dean, C. H.; Knuckles, M. E.; Wagner, R. A.
Interactions and Survival of Enteric Viruses in Soil Materials. Appl.
Environ. Microbiol. 1980, 40 (1), 92−101.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.2c00377
JACS Au 2022, 2, 2205−2221

2220

https://doi.org/10.1016/j.virol.2022.01.004
https://doi.org/10.1016/j.virol.2022.01.004
https://doi.org/10.1016/j.virol.2022.01.004
https://doi.org/10.1039/C4AN02270J
https://doi.org/10.1039/C4AN02270J
https://doi.org/10.1039/c3cp44128h
https://doi.org/10.1039/c3cp44128h
https://doi.org/10.1039/c3cp44128h
https://doi.org/10.1016/j.jviromet.2018.02.008
https://doi.org/10.1016/j.jviromet.2018.02.008
https://doi.org/10.1016/j.jviromet.2018.02.008
https://doi.org/10.1529/biophysj.107.115477
https://doi.org/10.1529/biophysj.107.115477
https://doi.org/10.1529/biophysj.107.115477
https://doi.org/10.1039/c1sm06092a
https://doi.org/10.1039/c1sm06092a
https://doi.org/10.1039/c1sm06092a
https://doi.org/10.1093/nar/gkaa1096
https://doi.org/10.1093/nar/gkaa1096
https://doi.org/10.1016/j.jsb.2015.02.003
https://doi.org/10.1016/j.jsb.2015.02.003
https://doi.org/10.1016/j.jsb.2015.02.003
https://doi.org/10.1016/B978-0-12-375182-9.10014-4
https://doi.org/10.1016/B978-0-12-375182-9.10014-4
https://doi.org/10.1038/nature04162
https://doi.org/10.1038/nature04162
https://doi.org/10.1073/pnas.1110703108
https://doi.org/10.1073/pnas.1110703108
https://doi.org/10.1021/jp2107523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp2107523?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature11570
https://doi.org/10.1038/nature11570
https://doi.org/10.1103/PhysRevE.56.R6283
https://doi.org/10.1103/PhysRevE.56.R6283
https://doi.org/10.1021/jp984327m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp984327m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/300341a0
https://doi.org/10.1038/300341a0
https://doi.org/10.1073/pnas.0606422103
https://doi.org/10.1073/pnas.0606422103
https://doi.org/10.1021/la502115g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la502115g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.0502110102
https://doi.org/10.1073/pnas.0502110102
https://doi.org/10.1039/b926184b
https://doi.org/10.1073/pnas.1112411108
https://doi.org/10.1073/pnas.1112411108
https://doi.org/10.1073/pnas.1112411108
https://doi.org/10.1021/nn4050112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn4050112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn4050112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn3047605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn3047605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.colsurfb.2017.02.011
https://doi.org/10.1016/j.colsurfb.2017.02.011
https://doi.org/10.1007/s12560-014-9171-3
https://doi.org/10.1007/s12560-014-9171-3
https://doi.org/10.1007/s12560-014-9171-3
https://doi.org/10.1021/la001741g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la001741g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la001741g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la001741g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp035724m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp035724m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp035724m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cocis.2010.01.002
https://doi.org/10.1002/elps.201700352
https://doi.org/10.1002/elps.201700352
https://doi.org/10.1002/elps.201700352
https://doi.org/10.1002/elps.201700352
https://doi.org/10.1016/0022-2836(82)90515-0
https://doi.org/10.1016/0022-2836(82)90515-0
https://doi.org/10.1016/0022-2836(84)90309-7
https://doi.org/10.1016/0022-2836(84)90309-7
https://doi.org/10.1016/0022-2836(84)90309-7
https://doi.org/10.1021/bi9600153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi9600153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi9600153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1385/1-59259-890-0:571
https://doi.org/10.1385/1-59259-890-0:571
https://doi.org/10.1093/nar/gkab225
https://doi.org/10.1093/nar/gkab225
https://doi.org/10.1002/prot.23241
https://doi.org/10.1002/prot.23241
https://doi.org/10.1021/la102783v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la102783v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1098/rsos.181294
https://doi.org/10.1098/rsos.181294
https://doi.org/10.1016/j.jcis.2009.06.025
https://doi.org/10.1016/j.jcis.2009.06.025
https://doi.org/10.1016/j.jcis.2009.06.025
https://doi.org/10.1128/aem.47.3.484-488.1984
https://doi.org/10.1128/aem.47.3.484-488.1984
https://doi.org/10.1128/aem.40.1.92-101.1980
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(143) Redman, J. A.; B. Grant, S.; Olson, T.M.; Adkins, J. M.; Jackson,
J. L.; Castillo, M. S.; Yanko, W. A. Physicochemical Mechanisms
Responsible for the Filtration and Mobilization of a Filamentous
Bacteriophage in Quartz Sand. Water Res. 1999, 33 (1), 43−52.
(144) Stumm,W.;Morgan, J. J.Aquatic Chemistry : Chemical Equilibria
and Rates in Natural Waters; Wiley: New York, 1996.
(145) Leenheer, J. A.; Croué, J.-P. Peer Reviewed: Characterizing
Aquatic Dissolved Organic Matter. Environ. Sci. Technol. 2003, 37 (1),
18A−26A.
(146) Kalbitz, K.; Solinger, S.; Park, J. H.; Michalzik, B.; Matzner, E.
Controls on the Dynamics Dissolved Organic Matter in Soils: A
Review. Soil Science 2000, 165 (4), 277−304.
(147) Guo, L.; Santschi, P. H. Composition and Cycling of Colloids in
Marine Environments. Reviews of Geophysics 1997, 35 (1), 17−40.
(148) Perdue, E. M.; Ritchie, J. D. Dissolved Organic Matter in
Freshwaters. Treatise on Geochemistry 2003, 273−318.
(149) Ritchie, J. D; Perdue, E. M. Proton-Binding Study of Standard
and Reference Fulvic Acids, Humic Acids, and Natural Organic Matter.
Geochim. Cosmochim. Acta 2003, 67 (1), 85−96.
(150) Lo, S. H.; Sproul, O. J. Polio-Virus Adsorption fromWater onto
Silicate Minerals. Water Res. 1977, 11 (8), 653−658.
(151) Zhuang, J.; Jin, Y. Virus Retention and Transport as Influenced
by Different Forms of Soil Organic Matter. Journal of Environmental
Quality 2003, 32 (3), 816−823.
(152) Foppen, J. W. A.; Okletey, S.; Schijven, J. F. Effect of Goethite
Coating and Humic Acid on the Transport of Bacteriophage PRD1 in
Columns of Saturated Sand. Journal of Contaminant Hydrology 2006, 85
(3−4), 287−301.
(153) Jacquin, C.; Yu, D.; Sander, M.; Domagala, K. W.; Traber, J.;
Morgenroth, E.; Julian, T. R. Competitive Co-Adsorption of
Bacteriophage MS2 and Natural Organic Matter onto Multiwalled
Carbon Nanotubes. Water Research X 2020, 9, 100058.
(154) Ryan, J. N.; Harvey, R. W.; Metge, D.; Elimelech, M.; Navigato,
T.; Pieper, A. P. Field and Laboratory Investigations of Inactivation of
Viruses (PRD1 andMS2) Attached to IronOxide-CoatedQuartz Sand.
Environ. Sci. Technol. 2002, 36 (11), 2403−2413.
(155) Pecson, B. M.; Decrey, L.; Kohn, T. Photoinactivation of Virus
on Iron-Oxide Coated Sand: Enhancing Inactivation in Sunlit Waters.
Water Res. 2012, 46 (6), 1763−1770.
(156) Kohn, T.; Grandbois, M.; Mcneill, K.; Nelson, K. L. Association
with Natural Organic Matter Enhances the Sunlight-Mediated
Inactivation of MS2 Coliphage by Singlet Oxygen. Environ. Sci. Technol.
2007, 41 (13), 4626−4632.
(157) Nelson, K. L.; Boehm, A. B.; Davies-Colley, R. J.; Dodd, M. C.;
Kohn, T.; Linden, K. G.; Liu, Y.; Maraccini, P. A.; McNeill, K.; Mitch,
W. A.; Nguyen, T. H.; Parker, K. M.; Rodriguez, R. A.; Sassoubre, L. M.;
Silverman, A. I.; Wigginton, K. R.; Zepp, R. G. Sunlight-Mediated
Inactivation of Health-Relevant Microorganisms in Water: A Review of
Mechanisms and Modeling Approaches. Environmental Science:
Processes and Impacts 2018, 20 (8), 1089−1122.
(158) Latch, D. E.; McNeill, K. Microheterogeneity of Singlet Oxygen
Distributions in Irradiated Humic Acid Solutions. Science (1979) 2006,
311 (March), 1743−1747.
(159) Xu, S.; Attinti, R.; Adams, E.; Wei, J.; Kniel, K.; Zhuang, J.; Jin,
Y. Mutually Facilitated Co-Transport of Two Different Viruses through
Reactive Porous Media. Water Res. 2017, 123, 40−48.
(160) Zhuang, J.; Jin, Y. Virus Retention and Transport through Al-
Oxide Coated Sand Columns: Effects of Ionic Strength and
Composition. Journal of Contaminant Hydrology 2003, 60 (3−4),
193−209.
(161)Wegmann, M.; Michen, B.; Luxbacher, T.; Fritsch, J.; Graule, T.
Modification of Ceramic Microfilters with Colloidal Zirconia to
Promote the Adsorption of Viruses from Water. Water Res. 2008, 42
(6−7), 1726−1734.
(162) Powell, T.; Brion, G. M.; Jagtoyen, M.; Derbyshire, F.
Investigating the Effect of Carbon Shape on Virus Adsorption. Environ.
Sci. Technol. 2000, 34 (13), 2779−2783.

(163) Bradley, I.; Straub, A.; Maraccini, P.; Markazi, S.; Nguyen, T. H.
Iron Oxide Amended Biosand Filters for Virus Removal. Water Res.
2011, 45 (15), 4501−4510.
(164) Domagała, K.; Bell, J.; Yuzbasi, N. S.; Sinnet, B.; Kata, D.;
Graule, T. Virus Removal from Drinking Water Using Modified
Activated Carbon Fibers. RSC Adv. 2021, 11, 31547−31556.
(165) Brady-Estévez, A. S.; Schnoor, M. H.; Kang, S.; Elimelech, M.
SWNT-MWNT Hybrid Filter Attains High Viral Removal and
Bacterial Inactivation. Langmuir 2010, 26 (24), 19153−19158.
(166) Domagała, K. W.; Jacquin, C.; Borlaf, M.; Sinnet, B.; Julian, T.;
Kata, D.; Graule, T. Efficiency and Stability Evaluation of Cu2O/
MWCNTs Filters for Virus Removal fromWater.Water Res. 2020, 179,
115879.
(167) Bolisetty, S.; Mezzenga, R. Amyloid-Carbon Hybrid Mem-
branes for UniversalWater Purification.Nat. Nanotechnol. 2016, 11 (4),
365−371.
(168) Le Mercier, P.ViralZone; SIB Swiss Institute of Bioinformatics.
(169) Hulo, C.; de Castro, E.; Masson, P.; Bougueleret, L.; Bairoch,
A.; Xenarios, I.; le Mercier, P. ViralZone: A Knowledge Resource to
Understand Virus Diversity. Nucleic Acids Res. 2011, 39 (SUPPL. 1),
D576−582.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.2c00377
JACS Au 2022, 2, 2205−2221

2221

https://doi.org/10.1016/S0043-1354(98)00194-8
https://doi.org/10.1016/S0043-1354(98)00194-8
https://doi.org/10.1016/S0043-1354(98)00194-8
https://doi.org/10.1021/es032333c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es032333c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1097/00010694-200004000-00001
https://doi.org/10.1097/00010694-200004000-00001
https://doi.org/10.1029/96RG03195
https://doi.org/10.1029/96RG03195
https://doi.org/10.1016/B0-08-043751-6/05080-5
https://doi.org/10.1016/B0-08-043751-6/05080-5
https://doi.org/10.1016/S0016-7037(02)01044-X
https://doi.org/10.1016/S0016-7037(02)01044-X
https://doi.org/10.1016/0043-1354(77)90103-8
https://doi.org/10.1016/0043-1354(77)90103-8
https://doi.org/10.2134/jeq2003.8160
https://doi.org/10.2134/jeq2003.8160
https://doi.org/10.1016/j.jconhyd.2006.02.004
https://doi.org/10.1016/j.jconhyd.2006.02.004
https://doi.org/10.1016/j.jconhyd.2006.02.004
https://doi.org/10.1016/j.wroa.2020.100058
https://doi.org/10.1016/j.wroa.2020.100058
https://doi.org/10.1016/j.wroa.2020.100058
https://doi.org/10.1021/es011285y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es011285y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.watres.2011.12.059
https://doi.org/10.1016/j.watres.2011.12.059
https://doi.org/10.1021/es070295h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es070295h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es070295h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c8em00047f
https://doi.org/10.1039/c8em00047f
https://doi.org/10.1039/c8em00047f
https://doi.org/10.1126/science.1121636
https://doi.org/10.1126/science.1121636
https://doi.org/10.1016/j.watres.2017.06.039
https://doi.org/10.1016/j.watres.2017.06.039
https://doi.org/10.1016/S0169-7722(02)00087-6
https://doi.org/10.1016/S0169-7722(02)00087-6
https://doi.org/10.1016/S0169-7722(02)00087-6
https://doi.org/10.1016/j.watres.2007.10.030
https://doi.org/10.1016/j.watres.2007.10.030
https://doi.org/10.1021/es991097w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.watres.2011.05.045
https://doi.org/10.1039/D1RA06373A
https://doi.org/10.1039/D1RA06373A
https://doi.org/10.1021/la103776y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la103776y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.watres.2020.115879
https://doi.org/10.1016/j.watres.2020.115879
https://doi.org/10.1038/nnano.2015.310
https://doi.org/10.1038/nnano.2015.310
https://doi.org/10.1093/nar/gkq901
https://doi.org/10.1093/nar/gkq901
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.2c00377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

