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As global pollution continues to escalate, timely and accurate monitoring is ;
essential for guiding pollution governance and safeguarding public health. The increasing [ T T

e pollutants

diversity of pollutants across environmental matrices poses a significant challenge for i 00 ol
instrumental analysis methods, which often require labor-intensive and time-consuming sample & “% A Nz
pretreatment. Nanopore technology, an emerging single-molecule technique, presents a /g™ i 4 % ’% R
promising solution by enabling the rapid identification of multiple targets within complex ¢ 7 © §V ( @ :“
mixtures with minimal sample preparation. A wide range of pollutants have been characterized | == 8 $§ ]
using natural biological nanopores or artificial solid-state nanopores, and their distinct | g *® mramm (G
advantages include simple sample preparation, high sensitivity, and rapid onsite analysis. In ® " Preters)
particular, long-read nanopore sequencing has led to dramatic improvements in the analyses of )
environmental microbial communities, allows species-level taxonomic assignment using poiois o O
amplicon sequencing, and simplifies the assembly of metagenomes. In this Perspective, we JZ -

review the latest advancements in analyzing chemical and biological pollutants through

nanopore sensing and sequencing techniques. We also explore the challenges that remain in this rapidly evolving field and provide an
outlook on the potential for nanopore environmental analysis to transform pollution monitoring, risk assessment, and public health
protection.

nanopore sensing, nanopore sequencing, chemical pollutants, biological pollutants, environmental analysis

intensive sample preparation and require large and precise
instruments, which are not always suited to meet current
demands.

Over the past few decades, nanopore technology has
gradually been adopted for the detection of environmental
pollutants and demonstrates distinct advantages over tradi-
tional methods.”~” A nanopore sensor is typically defined as a
nanoscale aperture in an impermeable membrane, spanning
two electrolyte-filled reservoirs. When a voltage is applied, the
translocation of analytes through the nanopore generates
characteristic ionic current modulations, enabling molecular
identification. This ability to analyze individual molecules in
complex environmental matrices allows direct analysis without
the need for extensive sample preparation, making this
technology especially valuable for detecting pollutants at
trace levels.'"” Nanopore technology also offers exceptional
resolution, allowing for the simultaneous analysis of multiple
analytes, including isomers, without the need for multiple
instruments or coupling.“ Furthermore, nanopore assays
provide a wealth of information on analyte sizes,'* shapes,"’

The rapid industrialization and urbanization of recent decades
have led to the release of a wide range of pollutants into the
environment, including traditional contaminants such as heavy
metals and pesticides, as well as emerging threats such as
pharmaceuticals, pathogens, microplastics, and nanomaterials.'
The increasing diversity and complexity of these pollutants
have significantly increased the challenges of environmental
monitoring. Many pollutants belong to large families with
similar structures, such as short-chain chlorinated paraffins,
which consist of more than 7,000 congener types.” These
pollutants are often present at trace levels, typically in the
milligram (mg/L) to microgram (ug/L) per liter range, with
certain persistent organic pollutants (POPs) and pharmaceut-
ical and personal care products (PPCPs) detected at nanogram
(ng/L) concentrations. The structural similarities within these
families, combined with their low concentrations, complicates
the separation, enrichment, and discrimination of the target
analytes. Moreover, the compositions and abundances of
pollutants fluctuate over time and space and are influenced by
factors such as weather and hydrological conditions. These
dynamic variations require monitoring techniques that are
capable of fast, onsite, and real-time analyses for accurate,
timely assessments of environmental pollution. While
advanced instrumental techniques, such as atomic spectrosco-
py,” molecular spectroscopy,’ chromatography,” and mass
spectrometry,” are highly effective, they often involve labor-
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Figure 1. Scheme of environmental analysis using nanopore technology. Environmental matrices such as water, air, and soil contain complex
mixtures of chemical and biological pollutants. Nanopore technology, with its broad detection range from single ions to microorganisms, offers the
potential for the simultaneous detection of various environmental pollutants. As these pollutants pass through the nanopore, they generate current
signals with distinct fingerprints, enabling rapid, multicomponent, and onsite environmental analysis.

charges,14 conformations,"> and host—guest interactions,'® all
of which are crucial for accurately identifying and character-
izing pollutants, as well as understanding their toxicological
effects. In addition, nanopore sensors are highly portable,
making them ideal for onsite, real-time monitoring of
pollutants in diverse and remote environments. The versatility
of nanopore technology extends to its wide range of detection
modes, enabling the analysis of various types of environmental
pollutants, which is essential in addressing the growing
diversity of contaminants. Recent advancements in small
molecule detection have further enhanced the ability of these
methods to analyze chemical pollutants.'” Nanopore sequenc-
ing, a representative third-generation sequencing method,
provides a powerful tool for analyzing microbial communities
and environmental DNA."® Moreover, emerging developments
in protein sequencing and carbohydrate analysis are expected
to further accelerate the application of environmental
multiomics.'”*°

In this Perspective, we provide a comprehensive review of
the environmental applications of nanopore technology. We
begin by discussing various pollutants that are compatible with
nanopore technology, focusing on chemical, and biological
pollutants. Next, we categorize the current environmental
efforts into two main areas: nanopore sensing-based pollutant
analysis and nanopore sequencing-based microbiological
analysis. In the first area, we separately introduce related
studies using biological nanopores and solid-state nanopores,
the two main types of nanopores. Diverse strategies have been
introduced to inspire the design of excellent nanopore sensors
that target more environmental pollutants. Subsequently, the
advantages, methodologies and practical use of environmental
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microbial analysis using nanopore sequencing are reviewed in
detail. Finally, we discuss the challenges and prospects of
nanopore technologies in environmental monitoring, offering
insights into their potential to address emerging environmental
issues.

Environmental pollutants are discharges of substances or
energy into nature that cause acute or chronic damage to
ecological balance and human health. According to their
characteristics, pollutants can be classified as chemical, physical
or biological.”" Physical pollution refers to various forms of
energy in the environment that exert deleterious effects on
living organisms and their surroundings, such as heat, noise,
light, and radiation. They are typically invisible and not
detectable with nanopores. On the contrary, chemical and
biological pollutants are more easily to be detected with
nanopores. Key properties such as size, exposure level,
solubility, volatility, and toxicity determine their potential for
detection by nanopores. With a series of materials and
techniques, nanopores have been fabricated with varyin

pore sizes, structures, and internal chemical environment,”

targeting a broad scope of pollutants spanning ions, organic
and inorganic small molecules, macromolecules, microorgan-
isms and particles (Figure 1).

Chemical pollutants are prevalent in the environment and can
be broadly categorized into inorganic pollutants (e.g., heavy
metals, radionuclides, cyanides, carbon oxides, nitrogen oxides,
halides, inorganic phosphides, inorganic sulfides and nano-
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Table 1. Detection of Pollutants with Biological Nanopore

Pollutant

an+) COZ+

Zn2+, COZ+, Cd2+
Au3+

Au*

C32+, Mn2+) C02+, Ni2+, Zn2+, Pb2+,
and Cd**

Ag’

H g2+
Cu2+
Th4+
Pb2+

Cu2+
Cu2+
H g2+
Zn2+

Fe3+

Cu2+

U022+
halogeno benzene

nitroaromatic

omethoate

paraquat

PFPeA, PFHxA, PFHpA
PFOA

PECAs and PECSs
ampicillin

gentamicin

amoxicillin, azlocillin, and ampicillin
ampicillin

kanamycin

microcystins (LR, RR, and YR)
microcystins (LR, RR, and YR)
AFB1, OTA, FB1

ochratoxin
AFB1

botulinum neurotoxins

Anthrax Lethal Factor
E. coli and P. aeruginosa
Klebsiella pneumoniae

influenza A

Nanopore

a-HL WT4H,
a-HL WT¢4H,
MspA D91M
MspA D91IM
MspA D, MspA H

WT a-HL
WT a-HL
WT a-HL
WT a-HL
WT a-HL

WT a-HL
a-HL (M113N),
a-HL (M113N),
WT a-HL

a-HL (M113N),
WT a-HL

a-HL (M113F),
MspA-PBA

a-HL (M113W),, (M113F),,
(Met113Y),

WT a-HL

a-HL (E111R/K147R),
WT aerolysin

WT a-HL

WT a-HL

WT OmpF
PaMscS-V2711

WT a-HL
WT a-HL
WT a-HL
WT a-HL
WT a-HL
WT a-HL

WT a-HL
WT a-HL

WT aerolysin

a-HL (M113F),
WT a-HL
MspA

WT a-HL

Sensing Mechanism LOD or Minimum Test Concentration Citation

Adapter-incorporated 50 nM (Zn?") 36
detection

Adapter-incorporated 240 nM (Zn*"); 4.06 mM (Co*"); 67
detection 434 nM (Cd*™)

Adapter-incorporated 0.2 uM 37
detection

Adapter-incorporated 50 uM 68
detection

Adapter-incorporated 0.4 uM (Zn**) 45
detection

Carrier-mediated detection S5 uM 70

Carrier-mediated detection 0.5 nM 82

Carrier-mediated detection 12 nM 71

Carrier-mediated detection 0.45 nM SS

Reporter-triggered 4 nM 66
detection

Carrier-mediated detection 16 nM S0

Hybrid strategies 600 nM 59

Hybrid strategies 25 nM 69

Reporter-triggered 100 nM 72
detection

Hybrid strategies 0.28 uM 73

Reporter-triggered 100 pM 65
detection

Hybrid strategies 10 nM 56

Adapter-incorporated 0.1-2.24 mM s1
detection

Adapter-incorporated 25 pum 41
detection

Carrier-mediated detection 4.8 nM in solution and 100 ppb as vapor 27

Carrier-mediated detection 2 nM (0.37 ppb) 61

Carrier-mediated detection 320 nm (PFPeA) 39

Carrier-mediated detection 40 uM 16

Carrier-mediated detection 0.4—2 ppm 49

Direct translocation 1 mM 38

Adapter-incorporated S mg/L 76
detection

Carrier-mediated detection 100 uM 74

Carrier-mediated detection 100 yM 83

Carrier-mediated detection 100 uM 42

Direct translocation 0.25 uM 77

Direct translocation S0 ug/L 79

Direct translocation 0.8 nM (AFB1), 0.45 nM (FB1), 1 nM 78

(0TA)

Carrier-mediated detection 1.697 pmol/L S3

Reporter-triggered 0.54 pmoL/L 43
detection

Reporter-triggered 500 pM 84
detection

Hybrid strategies 15 nM 85

Direct translocation 8 X 107 cfu/mL 44

Carrier-mediated detection 80

Carrier-mediated detection 81

particles) and organic pollutants (e.g., hydrocarbons, organo-
phosphorus compounds, organohalides, and organotin com-
pounds). Water solubility is an important factor in nanopore
sensing. Soluble pollutants, including most inorganic com-
pounds, low-molecular-weight alcohols, ketones, aldehydes,
and acids, are well suited for nanopore sensing. Slightly soluble
pollutants, such as most polycyclic aromatic hydrocarbons and
some nitrogen- or oxygen-containing organics, along with
insoluble pollutants such as petroleum hydrocarbons and
alkanes, pose challenges for detection. Methods such as
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cosolvents, temperature elevation, sonication, derivatization,
or complexation (e.g, with cyclodextrins) can enhance water
solubility.”> Additionally, ionic liquid-based nanopore systems,
which possess wide solubility properties, offer a promising
approach to this challenge.””*> Pollutant volatility also needs
to be considered. Nonvolatile pollutants are ideal for nanopore
sensing, whereas gaseous or volatile organic pollutants (VOCs)
may require specialized analyte delivery systems to bubbling
the gases into the measurement buffer.”*~** Another promising
method involves using suitable adsorbents for selective

https://doi.org/10.1021/jacsau.5c00114
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Figure 2. Different strategies for biological nanopore-based pollutant sensing. (A) Direct translocation: The target translocates through a wild-type
nanopore, producing detectable current blockades. (B) Adapter-incorporated detection: The target reacts reversibly with an adapter engineered
inside the nanopore, generating characteristic current blockades. (C) Carrier-mediated-detection: The target binds with a carrier outside the
nanopore, resulting in distinct changes in current blockades compared with the presence of the carrier alone. (D) Reporter-triggered detection: The
target triggers the production of a reporter, which induces specific current blockades that are different from those observed with the substrate alone.

adsorption of volatile compounds, followed by in situ
desorption via heatin% or microwave-assisted techniques in
the nanopore system.2

Persistent organic pollutants (POPs) are emerging pollu-
tants that are resistant to degradation and tend to
bioaccumulate. Listed by the Stockholm Convention, POPs
include organochlorine pesticides, dioxins, polychlorinated
biphenyls (PCBs), brominated flame retardants (BFRs), and
per- and polyfluoroalkyl compounds (PFASs). Most POPs
have low water solubility but high lipid solubility, making them
easier to pass through cell membranes.” This presents
challenges for artificial lipid bilayer-based nanopore detection
systems.

As the use of pharmaceuticals and personal care products
(PPCPs) continues to increase worldwide, PPCPs have been
widely detected in the environment and have become a type of
emerging pollutant. PPCPs can be divided into a wide variety
of categories, including antibiotics, hormones, analgesics,
steroids, eikonogens, spices, and preservatives. Most of these
materials are highly polar and nonvolatile, making them
suitable for nanopore detection. However, the residual
concentrations of PPCPs are extremely low (ng/L), which
places a high requirement on the sensitivity of nanopores.

Pathogenic microorganisms, drug-resistant microorganisms
and their antibiotic resistance genes (ARGs) are the main
microbial pollutants in the environment. Small organisms such
as bacteria, viruses and prions may be analyzed directly with
nanopore sensing, while gene-level species identification and
ARG analysis can be performed using nanopore sequencing of
DNA or RNA. Many byproducts from living organisms,
particularly from industrial and agricultural processes, can
accumulate in the environment and become pollutants. Among
these byproducts, biotoxins, naturally occurring toxic sub-
stances, can enter the food chain and cause both acute and
chronic poisoning. The chemical essence of toxins can be
classified into small organic molecules (e.g., aflatoxins,
fumonisins and ochratoxin A); peptides (e.g, mycotoxins,
microcystins, conotoxins, and amanitin); proteins (e.g.,
botulinum toxin, diphtheria toxin, tetrodotoxin, and ricin);
and lipopolysaccharides (e.g., lipid A, core polysaccharides, and
O antigens). With the increasing application of nanopores in
biological macromolecule fingerprinting, these biotoxins are
potentially detectable using nanopores.
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Biological nanopores are a type of transmembrane protein with
constriction diameters of 1—10 nm.’> Their well-defined
structures ensure reliable sensing performance, whereas their
narrow pores and rich internal microenvironments provide
high detection resolution, enabling the distinction of
analogues,”® homologues,”* and isomers.*> Through prokary-
otic or eukaryotic expression, various transmembrane proteins
with different structures have been developed as nanopores.
Notable examples include Staphylococcus aureus alpha-
hemolysin (@-HL),*® Mycobacterium smegmatis porin A
(MspA),”” E. coli outer membrane protein F (OmpF),”
Aeromonas hydrophila aerolysin,® and Pseudomonas aeruginosa
mechanosensitive channel of small conductance (PaMscS).*
These nanopores have been employed in the detection of
various pollutants, including inorganic ions,*® substituted
benzenes,*' POPs,>* PPCPs,”* biotoxins*®* and microorgan-
isms™* (Table 1). Four primary stochastic sensing strategies are
employed: direct translocation, adapter-incorporated detec-
tion, carrier-mediated detection and reporter-triggered detec-
tion (Figure 3).

3.1.1. Direct Translocation. As natural transmembrane
proteins, many biological nanopores serve as natural transport
channels for specific substances, allowing direct sensing
without additional modifications (Figure 2A). For example,
OmpF facilitates the entry of -lactam antibiotics into bacteria,
and studies have shown that the Aspl13, Glull7, Arg 42,
Arg82 and Arg 132 residues in OmpF strongly interact with
antibiotics such as ampicillin and penicillin, making them
useful for sensing these compounds.®® However, this strategy is
currently limited to a very small fraction of polluting
substances. Most pollutants interact too weakly with wild-
type nanopores, causing them to pass through the pores too
quickly to be effectively detected. While organisms possess a
wide variety of transmembrane proteins, only a few have been
isolated and used as nanopores. The screening of trans-
membrane proteins with specific functions is a promising
strategy for developing novel biological nanopores.

3.1.2. Adapter-Incorporated Detection. The incorpo-
ration of adapters into biological nanopores can diversify their
detection capabilities. These adapters bind specifically to target
molecules, and their interactions slow the target’s transport

https://doi.org/10.1021/jacsau.5c00114
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Figure 3. Heavy metal ion detection using biological nanopores. (A) Detection of various divalent metal ions using engineered MspA nanopores.
Adapted with permission from ref 45. Available under a CC-BY 4.0 license. (B) Detection of Hg** using a wild-type a-HL nanopore with the
assistance of a DNA carrier. Adapted from ref 52. Copyright 2011 American Chemical Society. (C) Cu** detection using a wild-type a-HL
nanopore triggered by Cu*"-induced click chemistry. Adapted from ref 65. Copyright 2019 American Chemical Society. (D) Sensing of different
metal ions using a His-tagged @-HL (M113 K), nanopore assisted by an Fe*" chelator. Adapted with permission from ref 73. Reproduced or

adapted with permission from Elsevier.

through the pore, generating distinct current signatures (Figure
2B). Two methods are commonly used to integrate adapters.
The first involves introducing natural amino acids with active
groups into the pore constriction by site-specific mutation. For
example, the introduction of imidazole-containing histidine or
sulthydryl-containing cysteine can be used to detect various
heavy metal ions.** Frequently, a-HL and MspA are used as
engineering templates. a@-HL is a mushroom-shaped heptamer
that has a vestibule with an opening of 4.8 nm in diameter and
a stem with a constriction of 1.4 nm in diameter.”® Compared
with a-HL, MspA is a conical octamer with a smaller
recognition region and is 1.2 nm in diameter and 0.6 nm in
height."” Owing to its unique geometry, MspA provides a
superior single-molecule sensing resolution.”” To increase the
signal consistency, nanopores can be further engineered with a
single adapter by in vitro polymerization (for a-HL)*' or
prokaryotic coexpression (for MspA).*® The second method
involves the use of site-mutated amino acids as a bridge to
further functionalize the pore in a covalent reaction manner. In
this way, some organics, such as cyclodextrin (CD), porphyrin
and phenylboronic acid, are immobilized in the pore
constriction for the sensing of PFAS,* Cu?*,>° and substituted
benzene,” respectively.

3.1.3. Carrier-Mediated Detection. To avoid the
complexity of pore engineering, molecules that can bind to a
target can also be introduced as carriers outside the pore.
When the carrier forms a complex with the target through
affinity interactions or chemical coupling, the complex
generates a distinct electrical signal due to configuration
changes, differentiating it from the signal of the carrier alone
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(Figure 2C). This strategy is widely used in the detection of
pollutants because of its simplicity, high sensitivity, and broad
applicability. Typically, molecular carriers are large molecules
that are easily detectable in nanopores. They can be biological
recognition elements such as nucleic acid, peptides and
proteins. Nucleic acids, with their flexible sequence design,
have been programmed to target various ions, antibiotics
pesticides and biotoxins.””**°**? Peptides and proteins,
containing functional groups in their amino acid side chains
(e.g., hydroxyl, carboxyl, sulthydryl, and amino groups) and
featuring distinct tertiary structures, enable specific interactions
with a broad range of pollutants. Peptide carriers have been
used for the detection of Cu?*,** Th*,>® and UO,**,*°
protein carriers, such as zinc fingers, have been utilized for
detecting Zn**,”” and calmodulin for detecting Ca*".>*
Macrocyclic molecules, such as CD>*® and calixarene,’’
crown ethers,”” cucurbiturils®® and emiaza-bambusurils,®* fit
well inside most nanopores and are thus also used as molecular
carriers. Their unique hydrophilic and hydrophobic properties,
along with modifiable internal ring walls, make them promising
for detecting a wide range of analytes.

3.1.4. Reporter-Triggered Detection. In this strategy,
the target is not directly involved in the sensing of the
biological nanopore. Instead, it triggers a detectable reporter
molecule through chemical reactions (Figure 2D). As the
reporter molecule passes through the nanopore, it generates a
characteristic electrical signal, thereby indirectly sensing the
target. Catalytic reactions are most commonly used, as
pollutants such as heavy metal ions often act as cofactors in
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Figure 4. POP and PPCP detection with biological nanopores. (A) Detection of pesticides (e.g., omethoate (i) and paraquat (ii)) using a-HL
nanopores. (i) Adapted with permission from ref 27. Reproduced or adapted with permission from The Royal Society of Chemistry. (ii) Adapted
with permission from ref 61. Reproduced or adapted with permission from The Royal Society of Chemistry. (B) PFAS detection using an a-HL
nanopore assisted by y-CD. Adapted with permission from ref 49. Copyright 2024 the American Association for the Advancement of Science. (C)
Gentamicin detection with a mutated PaMscS nanopore. Adapted from ref 76. Copyright 2024 American Chemical Society.
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catalytic reactions, such as Cu**-catalyzed click reactions®> and

Pb**-catalyzed DNA cleavage.®®

3.2.1. Inorganic lons. Nanopores are widely used for
detecting heavy metal ions’ and radioactive ions,” although
direct translocation detection is rare because of the small size
of these ions. The other three strategies mentioned above or
their hybrids are typically employed. In adapter-incorporated
detection, specific amino acids are introduced into pore
recognition sites to capture target ions. For example, Hagan
Bayley et al. engineered a-HL with histidine to recognize Cd*,
Zn>*, and Co®* at the nanomolar level.®” Shuo Huang et al.
developed a series of MspA mutants for the improved
detection of various heavy metal ions, including Au®, Au*,
Ca’*, Mn®*, Co®', Ni*', Zn*" and Pb*" (Figure 3A). 37,4568
Carrler mediated detection often uses DNA with specific
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sequences that bind heavy metal ions such as Hg**,”> Pb**,*

Ba?*,%” or Ag*,’" thereby prolonging the translocation time for
detection (Figure 3B). Peptides,”* proteins,”> CD,”" and
porphyrins®® have also been reported as carriers for the
sensing of Cu®’, Th*" and Zn’*. Reporter-triggered detection
employs the catalytic activity of metal ions, such as the Cu®*
induced ligation of ssDNAs to form forked DNA, producing
unique current signatures (Figure 3C).°° Pb**and Zn>* have
also been detected by activating enzyme digestion of DNA®
and peptides,”” respectively. Hybrid strategies combine these
methods, where the nanopore is engineered to enhance the
interaction between the pore and a carrier or reporter. Xiyun
Guan utilized an engineered a-HL and an Fe*" chelation agent
as a carrier to detect Fe** with a detection limit of 0.28 uM
(Figure 3D)”* and used a similar strategy to detect UO,**
ions*® at nanomolar concentrations with high selectivity.

https://doi.org/10.1021/jacsau.5c00114
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Table 2. Detection of Pollutants with Solid-State Nanopores

Pollutant Nanopore  Pore Diameter
Zn** PET 7—45 nm
Hg* and Ag* alumina 1S + 4 nm
Cr** PET 63 nm
Cu™ PET 10 nm
Fe** PET 10 nm
Pb* PET 60 nm
multivalent metal ions glass 80 nm
La* PET 63 nm
Hg** PET 30 nm
Cs* PET 20 nm
Ce™* PET 200 nm
uranyl ion PI 9 nm
phosphonates PET 30 nm
carbonate PI 20 nm
CI PI 8—11 nm
F PI 10 nm
paraquat and diquat glass 72 nm
tetracycline Si;Ny 8—9 nm
ibuprofen and sulfamethoxazole SiN,, 2.4—14.5 nm
CO, PI 9 nm
NO PET 23 nm
HCHO PET 30 nm
CO PET 18 nm
ricin PET 4 nm
ricin glass 56 nm
MC-LR SiN, 10-20 nm
okadaic acid SiN, 3—4 nm
filamentous virus SiN 12—50 nm
tobacco mosaic virus SiN 20, 30, SO nm
influenza A (HIN1 and H3N2), influenza B Si;N, 300 nm
four types of coronaviruses SiN 300 nm
A (HIN1) and B Si;N, 300 nm
cedar and cypress pollens Si;Ny 50 nm
dirt particulates SiN 14 nm

3.2.2. Substituted Benzene. Substituted benzene pollu-
tants are compounds with one or more active groups attached
to a benzene ring. These include halogenated benzenes,
nitrobenzenes, aminobenzenes, and phenols, which are
commonly used in industry and are known for their
environmental toxicity. The benzene rings and active groups
of these materials can be used to establish interactions with
nanopores. Through aromatic—aromatic interactions, Hagan
Bayley et al. detected six nitrobenzenes by introducing
aromatic residues (e.g, Phe, Tyr, or Trp) at site 113 in a-
HL, which is promising for detecting various aromatic
pollutants.”' Shuo Huang et al. engineered an MspA nanopore
with a sole phenylboronic acid to distinguish halophenol
homologues differing only in their halogen atoms and
substitution positions, demonstrating the high resolution of
MspA in small-molecule sensing.”'

3.2.3. POPs. Pesticides and per- and polyfluoroalkyl
substances (PFASs) are typical POPs that are detected using
biological nanopores.””*”°! Shoji Takeuchi et al. developed a
pesticide vapor sensor using hydrogel droplets to absorb
VOCs, successfully detecting omethoate at 100 ppb with a
DNA aptamer (Figure 4A).”” This platform overcomes the
limitations of nanopores to nonvolatile compounds. Junqiu Liu
et al. detected paraquat using an o-HL mutant and
carboxyatopillar [S] arene, achieving a detection limit of 0.37
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Output Signal LOD or Minimum Test Concentration Citation
ICR 10 uM 125
ICR 1 nM 114
ICR 16 nM 116
ICR 3.37 x 1071 uM 149
ICR 107 nM 120
ICR 1075 M 110
ICR 107 M 126
ICR S nM 122
ICR 8 nM 112
ICR 100 uM 123
ICR 1 nM 121
ICR 1M 124
ICR 27 nM (2-aminoethylphosphonate) 128
ICR 0.02 M 131
ICR 10 uM 132
ICR 0.01 nM 129
ICR 0.034 nM (paraquat) 100
RPS 2 ng/mL 101
RPS 21 pg/L (ibuprofen); 12 ug/L (sulfamethoxazole) 134
ICR 136
ICR 0.1 uM 138
ICR 10~° mg/mL 137
ICR 0.1 uM 139
ICR 100 nM 103
RPS 2.8 nM 140
RPS 0.1 nM 141
RPS 0.03 pg/mL 142
RPS 0.02 mg/mL (1 nM) 143
RPS 144
RPS 150
RPS 2.5 pfu/uL 147
RPS 146
RPS 1 mg/mL 105
RPS 148

ppb (Figure 4A).°" PFASs are highly fluorinated aliphatic
compounds with a CF, unit backbone and have become a
major focus of environmental research because of their
potential health risks. Kaipei Qiu et al. first used wild-type
aerolysin to discriminate three short-chain PFASs, but the
target PFASs are required to be chemically ligated to a cationic
peptide for enhanced capture and retention within the
nanopore.”” Chang Liu et al. directly identified homologues
of the perfluoroalkyl carboxylic acid (PFOS) and perfluor-
oalkyl sulfonic acid (PFOS) families through host—guest
interactions between cyclodextrin and FPASs (Figure 4B).*
The binding of PFASs to human serum albumin has been
monitored in real time, providing a single-molecule tool to
study the toxicity of pollutants to biomolecules.'®

3.2.4. PPCPs. Among PPCPs, antibiotics contribute to the
rise of antibiotic-resistant bacteria, which poses a global public
health issue. Since Sergey M. Bezrukov et al. first reported
ampicillin transport through OmpF,38 various antibiotics, such
as amoxicillin,”* kanarnycin,42 and digoxigenin75 have been
detected using DNA- or CD-assisted nanopore sensing.
Recently, Jia Geng et al. used a mutated PaMscS nanopore
to rapidly detect gentamicin (10 nM—10 yM) in blood and
developed a continuous monitoring device for point-of-care
monitoring of small molecules in biofluids (Figure 4C).”® This
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research demonstrates the advantages of nanopores for onsite
and real-time pollutant monitoring.

3.2.5. Biotoxins. Biotoxins range from small molecules to
biomolecules. Some small-molecule biotoxins, such as aflatoxin
B1 (AFB1), ochratoxin A (OTA) and fumonisin B1 (FB1), can
interact with biological nanopores, enabling rapid detection
through direct translocation.”” Claudio Gabriel Rodrigues et al.
used a-HL to distinguish these mycotoxins, achieving
nanomolar level detection by adjusting the KCI concentra-
tion.”® The enhanced detection specificity and sensitivity of
these mycotoxins were also achieved via the use of DNA
aptamers.” Additionally, peptide and protein biotoxins, such
as microcystins (e.g, MC-LR, MC-RR, and MC-YR), have
been differentiated using a a-HL nanopore, highlighting the
high resolutlon of biological nanopores in detecting similar
toxin variants.”

3.2.6. Microorganisms. Tudor Luchian et al. first reported
the detection of E. coli and P. aeruginosa at the single-particle
level by using electrostatic interactions to drive negatively
charged bacteria into collisions with a-HL.** However, due to
their significant size differences, direct sensing of micro-
organisms with biological nanopores is rare. Instead, biological
nanopores are useful for the indirect detection of micro-
organisms by identifying related substances such as genetic
material. DNA probes targeting 16S rRNA or viral promoter
regions have been respectively used to identify Kiebsiella
pneumomae and influenza A viruses,”' offering a rapid
method of microbial identification without sequencing.

Solid-state nanopores are fabricated by milling nanometer-
sized holes into thinned membranes supported on a substrate.
A variety of materials have been used for these membranes,
typxcally classified into categories such as silicon nitrides
(SiN,),*® oxides (5102,87 TiO,,*® HfO,* AL, 0,”), polymers
(polyimide (PI)** or polyethylene tere 9phthalate (PET)),”*
glass nanoglpettes, 3 carbon nanotubes, and 2D materials
(graphene, boron nltrlde, 6 molybdenum disulfide,”® and
transition metal carbides’”). Many fabrication techniques are
available to create nanopores with precise control, including
focused electron beam/ion beam milling, dielectric breakdown,
ion track etchlng, photochemical etching, anodization and laser
pulling.”® Solid-state nanopores offer controllable pore geo-
metries and exhibit excellent mechanical, optical, thermal, and
chemical stability, making them suitable for a wide range of
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analytes and conditions.” Functional modifications to their
inner walls via chemical deposition, plating, or covalent
grafting of organic molecules or biomolecules enable the
detection of inorganic 10ns, POP 100 PPCPS, galses,lo2
biotoxins,'*’ microorganisms'®* and partlculates (Table 2).'%
Two primary detection modes are used, including resistive-
pulse sensing (RPS) and ion current rectification (ICR)
sensing (Figure S).

4.1.1. RPS. RPS operates based on the ionic current
blockade caused by analytes translocating through the orifice of
a solid-state nanopore, enabling single-molecule detection.
When an analyte passes through or partially obstructs the
nanopore, it causes a reversible change in the ionic current,
generating a current “pulse” or blockade. The duration and
depth of these pulses provide detailed information about the
analyte’s size, charge and other properties, whereas the
frequency of these pulses reveals the analyte’s concentration
(Figure S). Compared with biological nanopores, solid-state
nanopores face challenges in terms of the signal-to-noise ratio
and fabrication reproducibility, especially for small nanopores
with sizes of a few nanometers. As a result, RPS is more
commonly used for detecting larger contaminants such as
biomacromolecules,' microorganismslo7 and PMs,'” which
can significantly block nanopores through volume exclusion.

4.1.2. ICR. Solid-state nanopore-based pollutant analysis
predominantly employs ICR sensing, where the characteristic
asymmetric current—voltage (I—V) curves are modulated by
analyte-induced changes in the nanopore surface. ICR often
occurs in asymmetric nanopores (such as conical PET
nanopores) and manifests as an asymmetric I-V curve. This
is primarily caused by the interaction between the asymmetric
electric double layer (EDL) on the pore wall and the
electrolyte ions, which results in the asymmetric migration of
cations and anions.'”® The presence of an analyte can alter the
surface charge or configuration of the nanopore, which affects
the EDL and ion transport properties, resulting in a change in
the I-V curve (Figure S). The rectification ratio, which is
defined as the ratio of the currents measured at two equal but
opposite applied potentials, provides information about analyte
identities and concentrations. ICR sensing is faster than RPS
but lacks the ability to observe single-molecule events, which
makes it less suitable for simultaneous multitarget analysis.
Another drawback of ICR sensing is that it requires
regeneration of the sensor with a stronger chelating agent
after each measurement.'

https://doi.org/10.1021/jacsau.5c00114
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Figure 6. Examples of environmental pollutant detection using ICR sensing. (A) TA-modified PET nanopores for multivalent metal ion detection.
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PE'T nanopores for phosphate detection. Adapted with permission from ref (128). Copyright 2019 American Chemical Society. (C)EDA-
functionalized nanopore for HCHO detection. Adapted with permission from ref (137). Reproduced or adapted with permission from John Wiley

and Sons.

4.2.1. Inorganic lons. Solid-state nanopores are widely
used for sensing a variety of inorganic ions, including metal
ions and inorganic anions. The metal ions detected in these

2+ 110,111
nanopores include heavy metal ions (e.g, Pb
H 2+112—115 C3+ll6 C 2+117 Zn2+118 A+ll4,ll9 and
Fe* 120) rare earth metal ions (e.g, Ce3’+121 and La*'??);
alkali metal ions (Cs*'*®) and radioactive metal ions
(UO,*"**). ICR sensing using PET or PI nanopores is the
primary strategy for detecting these metal ions. PET nanopores
. . : 123
are modified with adapters such as macrocyclic molecules,
DNA,""” or peptides'*” to selectively capture one or two types
of target metal ions. This high specificity is advantageous for
analyzing complex environmental samples. For example, UO,>*
in real seawater can be detected using a PI nanopore
functionalized with 4-amino benzamidoxime (ABX) owing to
the specific binding capability of amidoxime groups with
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UO,*"."** Notably, Jyh-Ping Hsu et al. developed tannic acid
(TA)-modified PET nanopores for multivalent metal ion
detection, employing different binding affinities between
trihydroxy phenolic groups and different metal ions (Figure
6A)."*° In addition to binding with nanopores, metal ions such
as Pb>*'"'" or Zn®*'"" can also be indirectly detected by
activating the DNAzyme to cleave the DNA substrate modified
on the pore wall, which results in changes in the I-V curve.
Like metal ions, inorganic anions are typically detected using
ICR. Bodo Laube et al. used a PET nanopore modified with
the phosphonate-binding protein PhnD to sense 2-amino-
ethylphosphonic acid and ethylphosphonate (Figure 6B).'**
This strategy has also been employed to detect F~,'*”'*
COo,>,"" CI7"** and PO

4.2.2. POPs. Solid-state nanopores have been employed to
detect pesticides through host—guest interactions between
cylindrarenes and pesticides.'”” When pesticides bind to a
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coronaviruses of similar size. Adapted with permission from ref 147. Available under a CC-BY 4.0 license. (B) Discrimination of wild-type E. coli
and a flagellin-deletion mutant using a peptide-functionalized solid-state nanopore. Adapted from ref 145. Copyright 2018 American Chemical
Society. (C) Discrimination of influenza viruses with an oligopeptide-functionalized solid-state nanopore. Adapted from ref 146. Copyright 2018

American Chemical Society.

cylindrarenes-modified nanopipette, the charge on the pore
wall shifts from negative to positive, significantly altering the
ICR ratio. By adjusting the cavity size of cylindrarenes,
different pesticides can be selectively detected. The sensitivity
was enhanced by further incorporating gold nanoparticles
(AuNPs) into the nanopipette, achieving a detection limit for
paraquat as low as 0.73 nM. These nanopipettes successfully
detected pesticide residues in river water, apples and tea,
demonstrating their potential for real-world applications.

4.2.3. PPCPs. The detection of PPCPs using solid-state
nanopores typically relies on RPS. Since most PPCPs have
small molecular diameters (~1 nm), a carrier is often needed
to generate a detectable signal. Proteins, owing to their larger
sizes and affinity for many PPCPs, serve as ideal carriers.
Protein—drug interactions enable single-molecule detection of
various PPCPs, such as tetracycline,lol ibuprofen, and
sulfamethoxazole,"** as the protein—drug complex passing
through the solid-state nanopore generates distinct current
signals. This strategy is highly selective and sensitive but
requires the binding of PPCPs and proteins to induce
significant structural changes.

4.2.4. Greenhouse Gases and Harmful Gases. Green-
house gases (e.g., CO, and CH,) and harmful gases (e.g, CO,
NO,, SO,, NH;, O; and VOCs) are major air pollutants that
degrade air quality and contribute to climate change. While
nanopore sensors are typically used in aqueous environments,
solid-state nanopores have also been employed for gas
detection. By bubbling target gases into a buffer solution,
small-molecule functionalized solid-state nanopores have been
used to detect gases such as COZ,135’136 HCHO,"”
NO,%’IOZ’138 and CO"™’ using ICR sensing. For example,
HCHO can be detected through a nucleophilic addition
reaction with ethanediamine (EDA) immobilized on nano-
channels, achieving a detection limit as low as 107° mg/mL
(Figure 6C)."*” This functionalized nanopore has also been
successfully used to identify HCHO in rooms and seafood.
However, irreversible covalent interactions make the sensor
unsuitable for repeated use. A reversible interaction could offer
a better balance between high specificity and recyclability.

4.2.5. Biotoxins. There are two main strategies for biotoxin
detection using solid-state nanopores. The first involves
functionalizing the nanopore with adapters to capture
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biotoxins directly. In this way, Charles R. Martin'®®> and Li-
Qun Gu'*’ successfully detected ricin using nanopores
modified with antibodies and RNA aptamers, respectively.
The second strategy uses carriers to bind with the target
biotoxin, forming a complex that generates detectable current
pulses when passing through the pore. Deqiang Wang et al.
designed aptamer-conjugated AuNPs for detecting MC-LR
with an SiN, nanopore.'”’ They also developed a similar
method using aptamer-conjugated magnetic beads to detect
okadaic acid, with a detection limit of 0.03 pg/mL.142

4.2.6. Microorganisms. Solid-state nanopores have adjust-
able sizes across a high dynamic range and are ideal for single-
particle detection of microorganisms. To allow microorganisms
to pass through pores, solid-state pores with diameters greater
than 10 nm, and in some cases up to 300 nm, are needed.
Direct translocation of pathogenic microorganisms through
large-sized solid-state nanopores has been used to detect stiff

. 143 L 144 145
filamentous viruses, - tobacco mosaic viruses, " E. coli

107

and
Four coronaviruses have also been
distinguished with high sensitivity, enabling the detection of
ARS-CoV-2 in saliva within S min (Figure 7A). To further
enhance the selectivity, Au nanopores modified with peptides

Bacillus subtilis.

that recognize specific microbial surface characteristics, such as
flagella (Figure 7B)"** or hemeagglutinin (Figure 7C),"** have
been constructed to distinguish similar species. Machine
learning methods are also employed to analyze multiple
features of translocation signals, facilitating the detection of
various bacteria and viruses for biological risk monitoring."*’

4.2.7. PM. PM including dust, smoke, and pollen is a major
air pollutant that harms the cardiovascular and respiratory
systems and disrupts meteorological and chemical processes.
Owing to the large size of PMs, solid-state nanopores enable
direct sensing of PMs, providing insights into their size, shape,
and surface charge. Tomoji Kawai et al. used a Si;N, nanopore
to distinguish between cypress and cedar pollen with 92%
accuracy using machine learning.'” Marija Drndi¢ et al.
employed an SiN nanopore to detect Antarctic dirt particulates
and estimate the average diameter of particles according to
their degree of blockage.'**
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Microorganisms are the most abundant and diverse life forms
on Earth. They play essential roles in biochemical cycles and
ecological remediation but can also cause environmental
pollution and spread infectious diseases. A comprehensive
characterization of microbial communities is crucial for
environmental protection and disease surveillance. Traditional
microbial culture techniques, which provide valuable insights,
are limited because less than 1% of microorganisms can be
cultured in laboratories due to their complex growth
requirements.”>' High-throughput sequencing (HTS) tech-
nologies such as Illumina have revolutionized microbiome
research by enabling direct amplicon sequencing, metagenomic
sequencing and whole-genome sequencing, providing insights
into microbiome diversity, population structures and evolu-
tion.'>” However, HTS is limited by short read lengths (50—
350 bp), which make it difficult to analyze complex regions
such as structural variants and repetitive sequences, leading to
incomplete genome assemblies. This also complicates the
taxonomic classification and genome assembly of closely
related species. As a frontier in third-generation sequencing
technology, nanopore long-read sequencing offers a promising
alternative by providing access to previously inaccessible
genomic regions.

The concept of nanopore sequencing dates back to the 1990s,
with a patent filed by George Church et al. in 1995.">* In this
technique, single-strand DNA or RNA is translocated through
a nanopore by a motor protein, and changes in the ionic
current are used to decode the nucleic acid sequence.* In
2014, Oxford Nanopore Technologies (ONT) commercialized
nanopore sequencing with the MinION device, a compact and
portable platform containing 512 nanopore channels. The
latest versions of MinION (flow cell R9.4.1 and R 10.4.1)
achieve 99% accuracy with sequencing speeds of up to 450
bases per second by utilizing a mutant Curlin sigma S-
dependent growth subunit G (CsgG) from E. coli and an
en%ineered helicase that has not been identified (Figure
g). 1551150

ONT sequencing has brought significant advantages to the
field of environmental microbiome research.'* (i) Its ability to
generate extremely long reads, up to 2.4 M, surpasses other
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Figure 8. Principle of nanopore sequencing. Adapted with permission
from ref 155. Reproduced or adapted with permission from Springer
Nature.
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platforms such as Illumina NovaSeq (>10 kb) and PacBio (5—
70 kb), simplifying genome assembly and enabling species-
level microbial profiling."*” (i) ONT also enables native DNA
and RNA sequencing without amplification, offering more
complete characterizations across the genomic, transcriptomic,
and epigenomic levels.">® (iii) ONT allows real-time
surveillance of pathogenic microorganisms, with MinKNOW
software converting read current data into nucleotide
sequences, while the ReadUntil API expels nontarget
molecules.”” (iv) The portability of MinION, which weighs
only 90 g, combined with the automated VolTRAX library
preparation system, makes it powerful for onsite sequencing,
even in extreme environments such as the Antarctic Dry
Valleys,"®” the Canadian High Arctic,'®" the largest European
ice cap'®” or the International Space Station.'®®

5.2.1. Targeted Sequencing. Targeted sequencing,
namely, amplicon sequencing, refers to the analysis of regions
of interest (ROIs) within a genome. Compared with whole-
genome sequencing, targeted sequencing is more cost-effective
and offers faster sequencing and analysis speeds. Targeted
sequencing of the ribosome RNA operon (rrn operon) region
is widely used as the gold standard marker for microorganism
community profiling (Table 3).'** The key taxonomic markers
within this region include the 16S rRNA gene (1,500 bp) for
bacteria and archaea, the 185 rRNA gene (1,800—2,000 bp)
for eukaryotes, and the internal transcribed spacer gene (ITS,
450—700 bp) for fungi. For example, the bacterial 16S rRNA
gene contains nine hypervariable regions (V1 to V9) that show
sequence variations across bacterial species that are separated
by highly conserved sequences. Due to the short-read lengths
of NGS, only partial variable regions of marker genes can be
analyzed using conserved region-targeted PCR primers.'®®
Long-read ONT sequencing platforms enable full-length
sequencing of rRNA genes, such as the 16S rRNA gene,166
18S rRNA gene,167 or entire rrn operons (e.g., 16S-ITS-23S for
bacteria and 18S-ITS-28S for fungi),'"®® providing higher
taxonomic resolution (Figure 9). Zhang et al. evaluated the
performance of the latest Oxford PromethION device for full-
length 16S amplicon sequencing from both mock microbial
communities and environmental samples, achieving an average
accuracy of 99.42% and species-level identification surpassing
the resolution of short-read sequencing.'°® Furthermore, ON'T
is the only platform that supports direct RNA sequencing,
allowing for full-length 16S rRNA sequencing without the need
for reverse transcription or amplification, thus avoiding biases
related to reverse transcriptase activity and providing valuable
insights into RNA epigenetics.'®’

5.2.2. Shotgun Sequencing. Shotgun sequencing in-
volves randomly fragmenting the genome into small DNA
pieces, which are then individually sequenced and reassembled
to reconstruct the original genome (Table 3). This approach
has been applied to sequence the genomic DNA (gDNA) of
isolated species (whole-genome sequencing) or the total
gDNA of microbial communities (metagenomic sequencing),
offering deeper insights into microbial diversity, population
structures, functional roles and the relationships between
microorganisms and their environment.'”® Owing to its long
read lengths, ONT sequencing is well suited for shotgun
sequencing, significantly improving the continuity of genome
assembly (Figure 9). Long reads help resolve complex genomic
structures and identify bacterial pathogenicity islands (PAls),
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Table 3. Nanopore Sequencing for Environmental Microbial Analysis

Sequencing Methodologies

Targeted sequencing

Shotgun sequencing (whole-
genome sequencing)

Shotgun sequencing

(metagenomic sequencing)

Microbial Species

Poliovirus

SARS-CoV-2

Hepatitis E Virus and Norovirus

Escherichia coli, Klebsiella pneumonia, and
Haemophilus influenzae

Alcanivorax

SARS-CoV-2

Influenza A viruses

Brevibacterium

Shewanella decolorationis

Bacillus subtilis and Escherichia coli

Bacillus haynesii

Thermophilic anaerobic digestion
microbiome

Potential POP-degrading microbiome

Proteobacteria, Firmicutes, and

Application Instrument Matrices Citation

Pathogenic microorganism  MinION Mk1B R9.4 flow  feces and 171
surveillance cell wastewater

Pathogenic microorganism  R10.4.1 flow cell wastewater 172
surveillance

Pathogenic microorganism ~ MinION R9.4.1 flow cell ~ wastewater 173
surveillance

Antibiotic-resistant MinION FLO-MIN106 feces 174
microorganism analysis R9.4.1 flow cell

Functional microorganism  MinION R9.4.1. flow cell ~ seawater 175
analysis

Pathogenic microorganism  MinlON Mklb R9.4.1 flow wastewater 176
surveillance cell

Pathogenic microorganism  GridlON FLO-MIN106D  wastewater 177
surveillance R9 flow cell

Functional microorganism wastewater 178
analysis

Functional microorganism  MinION FLO-MINSP6 wastewater 179
analysis flow cell

Pathogenic microorganism ~ MinION FLO-MIN 106D  feces 180
surveillance R9.4.1 flow cell

Pathogenic microorganism ~ MinION flow cell soil 181
surveillance

Functional microorganism  GridION food waste and 182
analysis sludge

Functional microorganism  GridION SpotON R9.4 soil 183
analysis flow cell

Functional microorganism  MinION lake sediment 184

Bacteroidetes

which encode virulence factors. However, ONT sequencing is
prone to insertion and deletion errors, affecting its accuracy. *®
To overcome this, a hybrid assembly strategy combining ONT
and Illumina sequencing is widely used, in which ONT
sequencing provides long-read fragments for assembly and
llumina sequencing refines and corrects the results.*® By
polishing ONT long-read assemblies with short-read data,
Singleton et al. successfully generated 1,083 high-quality
prokaryotic genomes from 23 sewage sludge samples.'®’
Although effective in correcting frame-shift errors, this
approach is computationally intensive, increasing both cost
and complexity. With increased accuracy, recent advances in
the use of Oxford Nanopore R10.4 have resulted in near-
finished microbial genomes without short-read polishing,
benefiting research in biodiversity assessments, functional
gene annotation and ARG profiling.'*®

5.3.1. Pathogenic Microorganism Surveillance. Patho-
gens that are responsible for infectious diseases pose significant
biosecurity threats and require prompt detection because of
their rapid spread and evolution.'® Nanopore target
sequencing enables rapid, real-time DNA sequencing, making
it increasingly effective for identifying and monitoring bacterial
and viral pathogens in environmental samples, including air,"®
building dust,"” freshwater,"”" faeces,'* soil'*' and especially
wastewater.'’® Wastewater, as a routine byproduct of human
activities, provides invaluable insights into community health.
ONT devices have been widely used in wastewater-based
epidemiology (WBE) research for monitoring pathogens such
as poliovirus,171 Ebola virus,'”* monkeypox virus,"”> SARS-
CoV-2,'7* hepatitis E virus,'”® norovirus'”® and avian
influenza,'”” offering significant advantages in terms of reduced
turnaround time and improved cost-effectiveness. With the
latest ONT platform, R10.4.1, nanopore sequencing achieves

analysis
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>99% accuracy for single nucleotide variants (SNVs) and
insertions/deletions (indels) in viral genes, providing high-
resolution insights into the temporal dynamics of SARS-CoV-2
variants in wastewater.'’> Additionally, the portability of the
nanopore sequencing platform allows for onsite operation,
even in extreme environments, without the need for expensive
facilities. For example, David Werner et al. developed a
portable ONT sequencing toolbox targeting 16S rRNA for
microbial monitoring at a British wastewater treatment plant
and the Akaki River in Ethiopia."”* This onsite sequencing
process can be completed within 1 day, with data analysis
available in 24—72 h, demonstrating MinION’s potential for
rapid pathogen surveillance in outbreak scenarios.

5.3.2. Antibiotic-Resistant Microorganism Analysis.
The rapid emergence of antibiotic-resistant bacteria (ARB)
poses a significant threat to global public health, as it
contributes to the dissemination of ARGs through water, soil
and air ecosystems.'”>~""” Nanopore sequencing has emerged
as a powerful tool for analyzing ARB, offering real-time, long-
read sequencing that can identify ARGs and their mobile
genetic elements (MGE), such as transposons, plasmids and
integrons.'”* Nanopore-based metagenomics has been success-
fully applied to track the spread of ARGs in environmental
sources, such as wastewater treatment plants (WWPT)"'** and
agricultural runoff,”*" revealing the diversity and abundance of
resistance determinants in these reservoirs. Tools such as
NanoARG,”*" NanoOK RT*”* and ARGPore2'”’ have been
developed to enable ARB and ARG identification in nanopore-
based metagenomic data sets. However, like traditional NGS,
nanopore metagenomic sequencing is a nontargeted method,
which limits its ability to detect low-abundance or rare ARGs.
Emerging targeting methods based on CRISPR-Cas9 (context-
seq)'"* or single-cell fusion PCR (epicPCR)*”* offer solutions
to these sensitivity challenges. For critical ARGs of public
health concern, such as the colistin resistance gene, nanopore
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Figure 9. Schematic illustration of nanopore sequencing strategies. Nanopore-based targeted sequencing focuses on specific regions of interest
within the genome, offering a cost-effective and faster approach with high accuracy for microorganism taxonomic profiling. Nanopore shotgun
sequencing analyses entire genomes or microbial communities, providing a broader view of genetic diversity and functionality but with increased
complexity and computational demands.

5.3.3. Functional Microorganism Analysis. Functional

target sequencing can provide a more comprehensive host microorganisms play key roles in shaping and maintaining
profile to complement routine metagenomic screening. ecosystem functions through their involvement in critical
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processes such as biogeochemical cycling, pollutant degrada-
tion, and the regulation of ecosystem health.””* Common
functional microorganisms include ammonia-oxidizing bac-
teria, ammonia-oxidizing archaea, nitrifying bacteria, nitrogen-
fixing microorganisms, methanogens, and sulfate-reducing
bacteria. Compared with NGS, ONT shotgun sequencing
technology enables the acquisition of an almost completely
assembled genome, thus helping to discover more unknown
microorganisms and new functional genes. In the case of
bioremediation, two primary strategies are commonly
employed. The first approach focuses on the high-quality
whole-genome sequencing of individual microbial species with
known functional roles using the combination of the ONT and
Ilumina NovaSeq platforms.”” By sequencing the entire
genomes of these species, researchers can identify and annotate
genes involved in pollutant degradation, such as those involved
in metabolic pathways, and encoding enzymes that break down
hydrocarbons,'”® heavy metals'”® or dyes.””® The second
approach involves metagenomic sequencing of the entire
taxonomic and functional microbiome in activated sludge,179
wastewater treatment'®> or contaminated environments, such
as industrial soil'*> and deep-sea sediments,””’ to more
thoroughly understand microbial metabolism and key
enzyme-related functional genes, as well as the microbial
community structure during bioremediation. Nanopore
metagenomic sequencing has revealed microbial communities
with the potential to remediate steroids,””® hexabromocyclo-
dodecanes,”” hydrocarbons,"®* and polychlorinated biphen-
yls."®* Although genomics provides valuable information, it
does not fully represent the expression, transcription, and
corresponding functions of microbial communities. Nanopore-
based transcriptomics has also served as a complementary tool
to genomics, facilitating a more comprehensive understanding
of the functional characteristics of microbial communities.*"’

Nanopore technology is at the forefront of a new era in
environmental analysis, offering rapid, sensitive and portable
solutions for pollutant monitoring. In this Perspective, we
provide a comprehensive review of nanopore technology
applications in the environment, highlighting its ability to sense
pollutants and to sequence genetic material from micro-
organisms. Both biological and solid-state nanopores have
demonstrated the ability to detect various chemical and
biological pollutants. Biological nanopores offer superior
signal-to-noise ratios and resolution, whereas solid-state
nanopores excel in terms of integration and scalability. In
addition to single-molecule sensing, long-read nanopore
sequencing is transforming environmental microbiological
analyses by providing rapid and detailed insights into microbial
diversities, functions, and responses to environmental changes.
Portable devices such as Flongle and MinION allow for onsite
sequencing, whereas desktop GridION devices enable high-
throughput laboratory analyses Despite these advances, real-
world nanopore environmental analysis remains challenging.

1. Accurate quantification in environmental matrices.
Although the specificity of nanopore sensing can be
ensured through customized strategies, in real environ-
mental matrices, the presence of various chemical and
biological pollutants will produce nonspecific nanopore
events, thus affecting the quantification of the targets.
While sample pretreatment methods provide relatively

pure samples for quantification, they are time-consum-
ing. Using artificial intelligence algorithms to develop
models for matrices effect elimination, target recognition
and concentration correlativity building may enable
direct quantification in environmental samples.

2. High-throughput detection with nanopore arrays. A
single nanopore often requires considerable time to
capture sufficient translocation events for reliable
detection, especially for low-concentration analytes.
Nanopore arrays, by integrating multiple pores into a
single device, significantly increase analysis speed and
throughput.”'*'* This is particularly beneficial for
detecting ultratrace pollutants and enabling rapid on-
site or large-scale environmental monitoring. Significant
progress has been made in fabricating arrayed biological
nanopore platforms (e.g,16-channel Orbit 16 TC, 512-
channel MinION and 14400-channel PromethION) and
solid-state nanopore platforms (based on anodic
aluminum oxide, silicon, graphene, carbon nanotube
and PET).>'>*'* Signal crosstalk is a limitation in high-
density nanopore arrays, and while precise micro-
electronic techniques can mitigate this problem, they
often come with increased costs.”"> Fluorescence-based
nanopore technology, through the use of fluorescently
labeled analytes or ionic fluxes, offers a promising
alternative by enabling independent detection from
multiple nanopores within an array.”' "’

3. Multitarget analysis with hyphenated technology. Given
the increasing diversity of pollutants in environmental
samples, combining nanopore technology with other
analytical techniques offers great potential for more
comprehensive pollutant assessment. In previously
study, nanopore technology has been successfully
combined with single molecular force spectroscopy,”"”
single molecule fluorescence microscopy,”’> Raman
spectrum”'” and gel electrophoresis,””’ demonstrating
its broad compatibility and versatility. In the future,
nanopore technology is expected to be coupled with
additional techniques such as chromatography and mass
spectrometry. Furthermore, the incorporation of artifi-
cial intelligence and machine learning could enable
automated analysis and interpretation of multisource
data, ultimately facilitating more comprehensive envi-
ronmental pollutant analysis with broader coverage.

4. Nanopore insights into environmental health. Beyond
the detection of environmental pollutants, nanopore
technology holds great promise as a powerful tool for
studying the molecular toxicology of pollutants. Its
ability to provide high-resolution analysis of biomolec-
ular sequences, modifications, structures, and host—
guest interactions makes it uniquely suited for under-
standing the mechanisms by which pollutants affect
biological systems.””"*** Additionally, with significant
advancements in protein sequencing and small-molecule
sensing, nanopore technology is poised to play a
transformative role in advancing environmental multio-
mics analysis, including genomics, transcriptomics,
proteomics, and metabolomics. This integrated ap-
proach will provide a comprehensive understanding of
the health impacts of pollutants.

Nanopore technology is emerging as a powerful analytical
tool in environmental analyses, offering fast monitoring, high
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resolution, and the ability to analyze a wide range of pollutants
and microorganisms simultaneously. Its portability and
versatility make it an ideal tool for onsite and comprehensive
environmental assessments. We anticipate that nanopore
technology will serve as an alternative to traditional analytical
techniques and play an increasingly important role in
environmental surveillance, ecological governance and sustain-
able development.
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