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ABSTRACT

Environmental pollution remains a major societal problem, leading to serious impacts on living organisms including humans. Human
activities such as civilization, urbanization, and industrialization are major causes of pollution. Imposing stricter rules helps control environ-
mental pollutant levels, creating a need for reliable pollutant monitoring in air, water, and soil. The application of traditional analytical tech-
niques is limited in low-resource areas because they are sophisticated, expensive, and bulky. With the development of biosensors and
microfluidics technology, environmental monitoring has significantly improved the analysis time, low cost, portability, and ease of use. This
review discusses the fundamentals of portable devices, including microfluidics and biosensors, for environmental control. Recently, publica-
tions reviewing microfluidics and biosensor device applications have increased more than tenfold, showing the potential of emerging novel
approaches for environmental monitoring. Strategies for enzyme-, immunoassay-, and molecular-based analyte sensing are discussed based
on their mechanisms and applications. Microfluidic and biosensor platforms for detecting major pollutants, including metal ions, patho-
gens, pesticides, and antibiotic residues, are reviewed based on their working principles, advantages, and disadvantages. Challenges and
future trends for the device design and fabrication process to improve performance are discussed. Miniaturization, low cost, selectivity, sen-
sitivity, high automation, and savings in samples and reagents make the devices ideal alternatives for in-field detection, especially in low-
resource areas. However, their operation with complicated environmental samples requires further research to improve the specificity and
sensitivity. Although there is a wide range of devices available for environmental applications, their implementation in real-world situations
is limited. This study provides insights into existing issues that can be used as references and a comparative analysis for future studies and
applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0224217

I. INTRODUCTION

Environmental pollution caused by extreme industrial develop-
ment, rapid population growth, and urbanization has become a
global concern in the modern world. The increasing release and

the environment through human activities and are considered to be
environmental pollutants. These substances include chemical com-
pounds such as pesticides, metals, antibiotics, and physical, radio-
logical, or biological agents such as microorganisms, mites, and

accumulation of various types of contaminants into the surrounding
environment have greatly impacted human health and ecosystems. ™
Hazardous substances from both human and natural sources enter

allergic agents.”® Therefore, monitoring environmental pollutants
is crucial for controlling their potential harm to humans, flora, and
fauna. Various technologies have been employed for environmental
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detection, monitoring, and remediation. Classical spectroscopic and
chromatographic methods are typically used for the detection of
environmental pollutants. However, these methods are laborious and
require complicated analyses with high costs and a lengthy analysis
time.”” Therefore, there is an urgent need for rapid, sensitive, accu-
rate, simple, and cost-effective tools to screen for pollutants.

The past decades have seen the rapid development of portable
devices, such as biosensors and microfluidic devices, for various appli-
cations. Biosensors are valuable tools for simple, rapid, and on-site
detection. Biosensors consist of biomolecule recognition elements,
including enzymes, cell receptors, or antibodies for sensing targets, and
a bio-transducer for signal acquisition.'” Microfluidic systems are based
on the microscale laminar fluid flow for analytical applications. They
are advantageous for analytical applications because they require small
amounts of samples and reagents with a rapid analysis time, high sen-
sitivity, and simplicity.'' ™’ Owing to their large surface-to-volume
ratios, microfluidic devices manipulate fluid flow inside microchannels
and chamber systems to achieve rapid and sensitive reactions with a
low consumption of reagents and samples.

Analytical processes are typically performed in laboratories
and require trained personnel. With the aid of portable biosensing
devices, such as microfluidic devices and biosensors, analytical pro-
cedures can be integrated into a miniature chip. For environmental
monitoring, sample sizes are typically very large. Moreover, the
conventional methods for sample preparation and analysis are
expensive and time-consuming. Alternatively, portable biosensing
devices enable the rapid handling of bulky environmental samples
with high simplicity and sensitivity for the on-site detection of pol-
lutants, such as pesticides, heavy metals, waterborne bacteria, or toxic
gases.'* The complexity of environmental samples must be consid-
ered when developing biosensors and microfluidic devices. While the
applications of microfluidic devices and biosensors are more
common in the field of biomedical or food technology, such as diag-
nostics and quality control, their applications have also been extended
to monitor environmental pollutants, such as herbicides and pesti-
cides in soil, heavy metals in soil and water, waterborne pathogens in
drinking water, and toxic gases and pollutants in industrial effluents.

In this review, the major types of biosensors and microfluidic
devices are summarized and their applications in environmental
monitoring are explored. First, the urgency of environmental pollu-
tion control and the limitations of conventional detection methods
are discussed. Second, the fundamentals of microfluidics and bio-
sensors are reviewed to provide an overview of the techniques used.
Finally, the applications of microfluidics and biosensors for moni-
toring environmental pollutants, including heavy metals, pesticides,
and pathogens, are presented and analyzed. This study highlights
the potential challenges and future perspectives on portable bio-
sensing devices for environmental monitoring.

Il. BIOSENSOR IN ENVIRONMENTAL MONITORING

Biosensors consist of biorecognition elements and signal transduc-
ers that produce detectable or measurable signals when monitoring
analytes and are advanced analytical devices for detecting environmen-
tal pollutants. Biosensors can be classified based on the biorecognition
principle or the transduction methods used. Biosensors can be further
categorized as enzyme-, antibody-, aptamer-, and whole-cell-based.

REVIEW pubs.aip.org/aip/bmf

A. Enzyme-based biosensor

Enzyme-based biosensors employ enzymes as the sensing ele-
ments for target recognition. Enzymes are common biological cata-
lysts that enhance the reaction rates. This enzymatic reaction
generates a signal upon target recognition, which is then converted
into a measurable response using a transducer. Enzyme-based bio-
sensors have gained considerable attention for environmental mon-
itoring because of their high sensitivity and specificity. Many
possible mechanisms are involved in target sensing using enzyme-
based biosensors, including analyte metabolism, activation, inhibi-
tion, and alteration of enzymes by analytes (Fig. 1)."” In the analyte
metabolism, the concentration of the analytes can be measured by
monitoring their catalytic transformations. In some cases, analytes
play important roles, such as activation or inhibition agents for
enzymes; therefore, the concentration of analytes can be deter-
mined by the products catalyzed by enzymatic reactions. Some ana-
lytes alter the characteristics of enzymes; therefore, tracking the
alteration of enzymes is a possible method for measuring ana-
lytes.'"” Although enzyme-based biosensors are commonly used
and have many advantages, their performance can be limited
owing to the susceptibility of enzymes to unfavorable conditions,
such as pH, temperature, and inhibitors.

B. Antibody-based biosensor

The antibody recognizes and binds specifically to the antigens,
resulting in the formation of stable antibody-antigens. Antibodies
are widely used as sensitive and specific sensing elements in biosen-
sors for the detection of environmental pollutants. Antibody-based
biosensors can be categorized into two classes: nonlabeled and
labeled. In the non-labeled class, physical changes caused by anti-
body-antigen interactions are measured directly. In the labeled
class, sensitive and detectable markers are employed to assess the
antibody-antigen complex.'®"” Various compounds can be used as
markers, including fluorescent dyes, enzymes, and nanoparticles, as
shown in Fig. 2."° Antibody-based biosensors have many advan-
tages, including simplicity, high sensitivity, and specificity.
However, the performance of antibody-based biosensors signifi-
cantly depends on the immobilization strategy of the antibody on
the sensor surface. Therefore, an immobilization strategy that does
not alter the specificity, immunological activity, and limit of detec-
tion (LOD) is crucial for sensor development.”

C. Aptamer-based biosensor

Aptamers are single-stranded oligonucleotides that form com-
plexes with targets with strong affinity and high specificity.
Aptamers possess unique structures that help them interact with a
wide range of targets, from small molecules to macromolecules,
and even whole microorganisms.”’ Figure 3 illustrates the fabrica-
tion process and sensing principle of the thiamethoxam (TMX)
electrochemical aptasensor. Aptamers are widely used in biosensors
owing to their many advantages. First, aptamer-based biosensors
are stable under many storage conditions because of the natural
characteristics of nucleic acids. Second, aptamers are chemically
synthesized and modified for the detection of target molecules.”
An internal-standard-based surface-enhanced Raman scattering
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FIG. 1. A schematic illustration showing an overview of the enzyme-based biosensors for environmental applications, including a transducer, biological receptor, and a
matrix or immobilization surface. Reprinted with permission from Gonzélez-Gonzalez et al., Ind. Eng. Chem. Res. 62(11), 45034520 (2023). Copyright (2023) American

Chemical Society. "

(SERS) aptasensor has been proposed to quantitatively detect silver
ions in environmental samples.”” This method offers a simple and
sensitive approach to detect heavy metals with a limit of detection
(LOD) of 50pM. A sulfur-doped graphene quantum-dot-based
fluorescent turn-on aptasensor has been developed to detect the
pesticide omethoate in environmental samples.”> The aptasensor
achieved ultrasensitive detection with a LOD of 0.001 ppm and
high specificity over other pesticides. However, the applications of
aptamer-based biosensors are limited for several reasons. First, in
vivo environmental factors, such as nucleases, can affect the activity
of aptamers. Second, aptamer synthesis methods are usually costly,
time-consuming, and low efficiency.”**’

D. Whole-cell-based biosensor

Whole-cell biosensors are formed from cells and tissues.
Whole cells and tissues are potential biosensors that can recognize
a wide range of analytes and generate detectable signals. The cells
can self-replicate and produce biorecognitive elements, such as
enzymes and antibodies, for direct sensing without the need for the
purification of the sensing elements, as shown in Fig. 4.°° Owing to
their high specificity, sensitivity, and LOD, whole-cell-based bio-
sensors have been successfully used to monitor environmental

pollutants.”® Many studies have developed whole-cell-based biosen-

sors for monitoring various pollutants such as heavy metals and
herbicides. A microbial biosensor has been developed to detect
heavy metals such as Pb** with a rapid reaction time, high portabil-
ity, sensitivity, stability, and low cost.”” A microbial amperometric
biosensor has been proposed to detect herbicide online.”® The
device was constructed using the cyanobacteria Anabaena variabi-
lis. Whole-cell-based biosensors have many advantages; however,
their applications are limited. The complicated matrix of real
environmental samples can interfere with device performance.
Moreover, toxic compounds in the samples limit the cell types that
can be selected to develop the sensor.”

In summary, well-documented reports have demonstrated the
practical approaches of biosensors for the detection of polluting
elements in environmental monitoring, including heavy metals,
organic pollutants, and wastewater quality. Specific binding sites
for DNA probes, such as guanine-rich probes and whole-cell bio-
sensors, have been employed in environmental purity tracking
because of the formation of stable complex structures and microbial
whole-cell genetic expression in response to contaminating chemi-
cals.’" Additionally, diverse polluting organic particles in soil and
water can be detected using enzymes, aptamers, and whole-cell
biosensors.”*~**

Biomicrofluidics 18, 051501 (2024); doi: 10.1063/5.0224217
Published under an exclusive license by AIP Publishing

18, 051501-3


https://pubs.aip.org/aip/bmf

Biomicrofluidics

RBD-S/Fab
fragment ——.
complexlng

Chip

Mixture immobilization

Amino-thiophenol 2
SAM layer

AuNPs/CNTs/WO,
layer

Ready to use
SARS-CoV-2 Immunobiosensor

connection

X

signal readout and analysis

. !
oW

W

Sampling from suspected

REVIEW pubs.aip.org/aip/bmf

Portable devlcos for

.

-

Public places
Hot spots

persons

FIG. 2. A schematic illustration showing a novel double-antibody- based immunobiosensor chip for SARS-CoV-2 analysis. Reprinted with permission from Hussein et al.,

Microsyst. Nanoeng. 9, 105 (2023). Copyright (2022) Springer Nature."®

Microbial fuel cells (MFCs) are an emerging technology for gen-
erating electricity from renewable biomass. Due to their significant
advantages, including simple construction and operation, in situ
monitoring, and low cost, MFCs are considered a promising tool
for environmental monitoring using whole-cell-based biosensors.
MEFC-based biosensors have been employed to monitor various
environmental factors, including biochemical oxygen demand, dis-
solved oxygen, chemical oxygen demand, volatile fatty acids, and
microbial activity.” The heavy-metal concentration and chemical
oxygen demand in wastewater can be observed using MFC-based
biosensors.”* " Fluorescence resonance energy transfer (FRET) is a
common detection method for nanomaterial sensors that use linked
emission molecules and biomolecules (enzymes and aptamers). In
addition to organic nanomaterial sensors, many inorganic nanomate-
rial sensors, including gold, carbon dots, quantum dots, and graphene
nanoparticles, have been utilized for wastewater monitoring, ™"’
Although biosensors may cross-react with similar molecules that
interfere with their accuracy and stability and require cautious han-
dling, the development of various material-based biosensors is prom-
ising for environmental management.

E. Plasmonic biosensors

Plasmonic biosensors have become an important class because
of their small size, rapid recognition capability, ease of implementa-
tion, and high sensitivity and specificity. Surface plasmonic sensors
are important analytical detection tools widely applied in environ-
mental monitoring.

SERS has been extensively used in biosensing because of its
high specificity and sensitivity. Srivastava et al.*' developed a SERS
biosensor to detect the endocrine-disrupting compound vitello-
genin (Vg) in an aquatic environment. To enhance the SERS
signal, the biosensor was fabricated by immobilizing anti-Vg anti-
bodies onto a nanosculptured silver thin film coated with 4-
aminothiophenol. The biosensor detected concentrations as low as
5 pg/ml, and the specificity was confirmed using a similar protein,
fetuin. In another study,”” a SERS-based biosensor was employed
for E. coli B detection in water samples.

Recently, surface plasmon resonance (SPR) biosensors have
emerged as a promising approach for environmental monitoring
owing to their beneficial properties, such as high sensitivity, selec-
tivity, and accuracy. SPR biosensors are based on the refractive
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FIG. 3. Schematic illustration showing the fabrication process of the TMX electrochemical aptasensor and the sensing principle of the aptasensor. Reprinted with
permission from Shi et al., Bioelectrochemistry 149, 108317 (2023). Copyright (2023) Elsevier.”’

index profile of light. When polarized incident light interacts with
a metal surface, some energy from the incident light is lost, result-
ing in a decrease in the intensity of the reflected light. This phe-
nomenon is known as surface plasmon. The SPR signal is highly
sensitive to changes near the metal surface. Thus, any change in
the refractive index of the metal surface resulting from interactions
between biomolecules can generate different SPR signal profiles.
There are two types of plasmonic biosensors: (1) localized
surface plasmon resonance (LSPR) biosensors, where surface

plasmons occur in metallic nanoparticles, and (2) SPR biosensors,
where surface plasmons occur in a metallic film.*** Ning et al.*’
used an aptamer for biorecognition coupled with a J-shaped optical
fiber probe to specifically detect Helicobacter pylori via an LSPR
signal response. This LSPR aptasensor can detect Helicobacter
pylori with a detection limit as low as 45 CFU/ml. The thickness of
the sensing layer is critical in the design of plasmonic biosensors
and strongly affects their sensitivity. The sensing region of the plas-
monic biosensor is close to the metal nanoparticle surface. A thick
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FIG. 4. Schematic illustration showing the detection mechanism proposed for aptamer-based whole-cell detection of E. coli O157:H7. Reprinted with permission from

Diaz-Amaya et al., Anal. Chim. Acta 1081, 146-156 (2019). Copyright (2019) Elsevier.”®

layer of biorecognition elements could lift the sensing event of bac-
terial attachment outside this sensing region, reducing the sensitiv-
ity. Among the listed biorecognition elements, aptamers appear to
be more suitable for plasmonic biosensors because they are signifi-
cantly smaller than enzymes, antibodies, and whole cells.

Khateb et al.*® obtained a significant increase in sensitivity to
bacterial attachment for aptamer recognition compared to antibody
recognition, correlating to a thinner aptamer recognition layer
(6.2nm) compared to the antibody layer (20 nm). A novel method
for the detection of cyanotoxin from cyanobacteria, which cause algal
blooms, was developed based on a graphene-modified SPR aptasen-
sor.”” The aptasensor was modified with graphene, which resulted in
a change in the aptamer conformation upon binding to analytes,
increasing the sensitivity of the sensor for detecting cyanotoxins.

I1l. MICROFLUIDIC DEVICES IN ENVIRONMENTAL
MONITORING

Microfluidics precisely manipulate fluids at the microscale
using microchannels and chambers with small dimensions. Many
benefits can be achieved using microfluidics for analysis, including
a rapid reaction time, high automation, accuracy, sensitivity, specif-
icity, low cost, low reagent and sample consumption, improved
process control, and disposability. Microfluidic devices offer many
advantages for environmental monitoring owing to the

advancement of miniaturized systems. Previously, silicon and glass
were the most commonly used materials for microfluidic fabrica-
tion. Currently, more materials are employed to fabricate microflui-
dic devices, including thermoplastics, polydimethylsiloxane
(PDMS), paper, and thread.***’

Thermoplastics, such as poly(methyl methacrylate) (PMMA),
polycarbonate, and polystyrene, have been widely employed to fab-
ricate microfluidic devices owing to their beneficial properties.
Thermoplastics exhibit low intrinsic fluorescence, visible transmit-
tance, biocompatibility, and beneficial mechanical properties. In
addition, the manufacturing process for thermoplastic microfluidic
devices is low-cost and well-developed.™

Polydimethylsiloxane (PDMS) is a popular material used for
microfluidic fabrication. PDMS is a silicone-based elastomer with
several desirable properties. PDMS offers quick and easy fabrica-
tion, such as structural replication and bonding processes. Another
advantage of PDMS is its transparency, which maximizes the
optical access to the microchannel and chamber systems for real-
time monitoring. Additionally, PDMS exhibits excellent biocompat-
ibility and permeability.”’

Recently, paper has gained considerable attention for micro-
fluidic fabrication. Paper is a highly promising candidate for the
fabrication of microfluidic devices owing to its numerous advan-
tages. Specifically, paper is biocompatible and suitable for the anal-
ysis of cells, proteins, or nucleic acids. Paper provides an excellent
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matrix for capturing and isolating targets. In addition, the generally
bright color of paper makes it a suitable matrix for colorimetric
readouts. Moreover, paper-based microfluidic devices can be easily
fabricated at a low cost.”

IV. APPLICATIONS OF PORTABLE DEVICES IN
ENVIRONMENTAL MONITORING

This section describes the most recent advances in portable
devices for environmental monitoring applications, such as micro-
fluidics and biosensors, to detect metal ions, pathogenic bacteria,
and other pollutants.

A. Metal ions

Among the various types of environmental pollutants, heavy
metal ions are one of the major pollutants owing to their effects on
human health, such as kidney failure, skin allergies, and the
nervous system.”” > Therefore, many types of analytical biosensors
have been developed to detect heavy metals, such as paper, PDMS,
thermoplastics, and 3D printed devices.”””” Paper-based microdevices

a Hg?* detection zone

Ph** detection zone Hole

Bottom sensor layer

Middle layer

b Hg-IIP cloth-based component
Pb-IIP cloth-based component

R Excitation

Pb-IIP cloth-based components under the UV light
|| Hg-IIP cloth-based components under the UV light

Staking

REVIEW pubs.aip.org/aip/bmf

have been extensively used for heavy-metal detection because of their
low cost, simple fabrication, and easy readout.”**’

For example, Wang et al.’' introduced a rotary multiposi-
tioned cloth/paper hybrid microfluidic device for the simultaneous
detection of Hg>" and Pb*" ions using quantum dots as fluores-
cence reporters. Figure 5(a) illustrates the overall view of all the
layers of the novel rotary multipositioned cloth/paper hybrid
microfluidic analytical device for monitoring environmental pollut-
ants. Figure 5(b) illustrates the assembly and detection procedures
of the device. For this purpose, the detection zone was first grafted
with quantum dots onto cloth. Subsequently, it was frequently
modified with ion-imprinted polymers (IIPs) to detect heavy
metals based on the fluorescence quenching effect. With the use of
IIP, the specific recognition of two heavy metal ions was confirmed,
and the limits of detection were 0.18 and 0.07 ug/l for Hg*" and
Pb*", respectively. In addition, this hybrid cellulose-based micro-
fluidic device provided multi-positioned detection owing to its
unique configuration, which was designed for valve rotation.

In another study, Yuan et al®” fabricated a paper chip for
arsenite [As(IIT)] detection based on a turn-on fluorescent aptasen-
sor using an aptamer, which could detect as low as 0.96 nM.” Gu
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FIG. 5. A schematic illustration of a novel rotary multi-positioned cloth/paper hybrid microfluidic analytical device («CPAD) for the determination of heavy metal ions. (a)
Top view of all layers, (b) the assembly process and detection of Hg?* and Pb?* ions by rotating the top layer counterclockwise or clockwise. Reprinted with permission
from Wang et al., J. Hazard. Mater. 428, 128165 (2022). Copyright (2022) Elsevier."'
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et al.”’ reported a real-time colorimetric biosensor for detecting
Hg’* using a low-cost microspectrometer coupled with a smart-
phone. Using gold nanoparticles as a probe, the sensor successfully
detected ngJr in natural mineral, pure, tap, and river water
samples with high sensitivity (LOD = 1.2 mM). This portable device
has significant potential for applications in low-cost rapid biological
colorimetric detection.

As an alternative to classical biosensors [including atomic absorp-
tion spectroscopy (ASS), emission spectroscopy, and mass spectro-
scopy], microbe-based biosensors have been extensively used for
detecting heavy metals in soil and wastewater because of their enhanced
sensitivity and specificity [Fig. 6(2)].”**" For example, Wang et al.”’ pro-
posed a highly sensitive electrochemical biosensor for detecting various
heavy metals (Cd**, Ni**, Pb**, and Cu®") in groundwater based on a
Geobacter-dominated biofilm. With the use of electroactive biofilm on
working electrodes, the biosensor was proven to be restorable and reus-
able, and it achieved a high sensitivity of 61.7 uAuM ™" cm™ for Pb*"
detection. Moreover, the introduced biosensor has high potential for the
on-site monitoring of low-concentration heavy metal ion-related toxic-
ity samples with long-term usage.
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Bandeliuk et al.®® developed a new bacterial biosensor for tar-
geting pollutants (antibiotics, heavy metals, and herbicides) using a
portable fiber-optic system. The advances in field toxicological
testing were facilitated by combining Raman spectroscopy and bio-
assays within 35 min. Zhang et al.°® developed a cell-free paper-
based biosensor for the on-site detection of Hg** and Pb** in water
based on allosteric transcription factors (aTFs) with a BIAcore
assay [Fig. 6(b)].°° aTFs can recognize and bind to specific DNA
sequences. In the presence of target ions, aTFs can disassociate
from DNA owing to their specific affinity for metal ions, and fluo-
rescent RNA is transcribed as a signal. The LOD of the biosensor
was 0.5 nM for Hg*" and 0.1 nM for Pb**. The paper-based biosen-
sor not only simultaneously detected Hg>" and Pb** in water but
can also be used to detect other heavy metals, making it a promis-
ing biosensor platform for the simultaneous detection of heavy
metals in environmental monitoring.

In conclusion, the introduced biosensor platforms require
further optimization to improve their sensitivity, specificity, and
cost-effectiveness for mass production and multiplex detection.
Therefore, portable devices have great potential for detecting heavy

actjy,

FIG. 7. A schematic illustration showing a rotating microfluidic fluorescence system with integrated sampling and monitoring for the on-site detection of SARS-CoV-2.
Reprinted with permission from Xiong et al., Anal. Chem. 93(9), 4270-4276 (2021). Copyright (2021) American Chemical Society.””
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TABLE I. Applications of portable devices for the detection of pathogenic bacteria for environmental monitoring.

Type of
Detection method Type of portable device Analyses sample Time LOD Reference
Molecular-based assays Dual-sample PMMA 10 waterborne pathogenic Coastal 35min  9.54x 107" pg/ 73
microfluidic chip bacteria (Vibrio alginolyticus, waters reaction
Shigella flexneri, Listeria
monocytogenes, etc.)
Molecular-based assays Droplet and Enterococcus faecalis Water 1h 10° CFU/ml 79
rotation-controlled “CD
driver” device
Electrochemical Integrated PMMA Aeromonas salmonicida Sea water 5 min 1 CFU/ml 75
immunosensor device
Molecular-based assays Rotating microfluidic SARS-CoV-2 Air 15 min 10 copies/ul 77
fluorescence system
Immunoassay Paper-based analytical SARS-CoV-2 Air <30 min NA 80
device
Field-effect-transistor Multichannel Mycobacterium tuberculosis Air 2 min 4x10* 81
biosensor microfluidic chip particles/ml
Immunoassay and Glass-PDMS Legionella, Salmonella, and Tap water  30-40 min 3 cells/ml 82
impedance-based microfluidic chip Escherichia coli O157:H7 and
biosensor wastewater
Aptamer-based PDMS microfluidic Cryptosporidium parvum Tap water 40 min 10 oocysts/ml 83
electrochemical assays biosensor
Surface acoustic waves Surface acoustic wave  Legionella pneumophila, and Water NA 2 x 10° CFU/ml 84
and Immunoassays device Escherichia coli

metal ions in real samples under variable environmental conditions
in environmental monitoring.

B. Pathogenic bacteria

Various approaches are used in portable devices for the rapid
detection of pathogenic bacteria for environmental analysis, offer-
ing a high potential for inexpensive, simple, and rapid response
field monitoring.””~"* For example, Jin et al.”” introduced an inte-
grated microfluidic device to simultaneously detect ten waterborne
pathogenic bacteria in coastal water samples using dual-sample,
real-time, and on-chip fluorogenic loop-mediated isothermal
amplification (LAMP) assays.”” The device consisted of 11 wells,
which allowed the simultaneous detection of 11 samples based on
the LAMP reaction. The primers were pre-stored in each reaction
well. The liquid reagent was then introduced into the reaction
chamber to perform LAMP assays using centrifugal force. This
device could detect as low as 9.54 x 10™" pg/reaction in 35 min
without bacterial enrichment. Although the device can achieve a
rapid and high-throughput platform, it requires further optimiza-
tion for application to real-world samples in aquatic environments.

Alonzo et al.”* proposed a microfluidic device system to perform
a rapid and highly sensitive bacteriophage-based assay for detecting
Escherichia coli in water samples. With a combination of membrane
filtration and selective enrichment using T7-NanoLuc-CBM, the valve-
less microfluidic device detected as low as 4 CFU/100 ml of drinking
water within 5.5h. This system offers a fast, portable, semi-automated,
phage-based microfluidic platform for enhanced in-field water quality

monitoring, Messaoud et al.”” presented a portable label-free ultrasen-
sitive electrochemical immunosensor for Aeromonas salmonicida
detection in seawater with a LOD as low as 1 CFU/ml.

In another water treatment application, Patinglag et al.”® used
a microfluidic reactor to disinfect bacteria-contaminated water by
employing the non-thermal plasma-based inactivation of
antibiotic-resistant Pseudomonas aeruginosa and Escherichia coli.
The combination of a glass microfluidic plasma device and dual-
phase liquid—gas flow successfully inactivated bacteria 5 s after the
residence time in the plasma region. Moreover, this system not
only is used for the antimicrobial decontamination of water but
can also be used for large volumes of water disinfection systems in
point-of-need applications by combining multiple devices.

In addition to water quality monitoring, portable devices have
been widely used to detect airborne pathogens in air quality moni-
toring, particularly during the COVID-19 pandemic. Xiong et al.”’
fabricated a rotating microfluidic fluorescence system for the
on-site sample collection and detection of SARS-CoV-2 as shown
in Fig. 7. This device could perform enrichment, extraction, and
LAMP reaction on a seamless platform, and 115 clinical samples
were used for detection in practical applications. The LOD was
approximately 10 copies/ul with 100% specificity in 75 min.
Similarly, Jiang et al.”® introduced a microfluidic system, including
a bacterial capture and enrichment device and a LAMP-based
device for Staphylococcus aureus detection, with a LOD of approxi-
mately 24 cells/reaction.””

In summary, these portable devices successfully detected bac-
teria and airborne pathogens with high specificity and sensitivity,
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and the total analysis time was much shorter than that of the tradi-
tional methods. However, these devices cannot be used to test real-
world samples in practical applications. Therefore, further optimiza-
tion and development of portable devices with advancements in
onsite environmental monitoring are required. Table I summarizes the
applications of portable sensing devices for environmental monitoring.

C. Other applications

Antibiotic residues in the environment have become a topic
of interest because of their negative effects on human health and

(a)

Antibiotics

Target
recognition

biosensors

Water/milk

(b)

Integrated optical

REVIEW pubs.aip.org/aip/bmf

the possible associated bacterial antibiotic resistance. Therefore,
portable devices, such as optical sensors and electrochemical bio-
sensors, have been developed for the rapid detection of antibiotics
[Fig. 8(2)].">% For example, Mathai et al.*” fabricated a handheld
device to detect enrofloxacin (ENR) and ciprofloxacin antibiotic
residues in wastewater and environment samples [Fig. 8(b)]. Using
an antibody-coated optical fiber, the system could detect concentra-
tions as low as 1 ppb in lake water and wastewater. Moreover, the
portable sensors showed stability over 4 weeks at 4 °C with high
selectivity. Therefore, this handheld device is useful for heavy-metal
detection as a field-deployable sensor that can be easily stored and
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FIG. 8. (a) A schematic illustration of the detection of antibiotics using optical biosensors. Reprinted with permission from Nehra et al., Mater. Lett. 308, 131235 (2022).
Copyright (2022) Elsevier.”® (b) A schematic illustration of an overall experimental setup for controlling a handheld portable optlcal sensor for the specific detection of
enrofloxacin (ENR). Reprinted with permission from Mathai et al. Biosens. Bioelectron. 237, 115478 (2023). Copyright (2023) Elsevier.”’
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transported to remote areas. Chen et al.”® developed a portable bio-

sensor for onsite kanamycin (KAN) detection in real water samples
using a glucometer and CRISPR-Casl2a, with a detection limit of
1 pM.*® These portable devices are simple to operate, cheap, and
enable the on-site detection of antibiotic residues in resource-limited
settings. However, these devices fail to perform simultaneous assays
with multiple antibiotics, which requires further improvement.

Pesticide residues are important pollutants that cause environ-
mental, agricultural, and aquatic pollution. Therefore, portable bio-
sensors have been fabricated for the onsite detection of pesticide
residues.””™”" For example, Maanaki et al.”” developed an integrated
smartphone/resistive biosensor as a field-deployable tool for moni-
toring organophosphate (OP) pesticides in food and environmental
water with an LOD of approximately 0.304 ppt in 15 min. In partic-
ular, for the first time, a polyaniline nanofiber/AChE/carbon nano-
tube (AChE/PANINF/CNT)-based nanosensor was used for the
on-site rapid monitoring of OP pesticides in real water samples
with high sensitivity, low cost, and portability. However, this plat-
form requires further development to enhance the long-term stabil-
ity and reduce the interference effects of AChE for broad
applications for in-field real-world sample analysis. Wu et al.”* pro-
posed a novel smartphone-coupled three-layered paper-based
microfluidic chip for pesticide detection. Based on enzyme inhibi-
tion and chromatic reactions, the device was successfully used for
the detection of profenofos and methomyl pesticides, with LODs of
approximately 55 and 34 nM, respectively. This system not only is
highly cost-effective, but also shows high potential for the mass
production of paper-based microdevices.

Polycyclic aromatic hydrocarbon (PAH)-organic compounds
are usually highly toxic, mutagenic, and/or carcinogenic to micro-
organisms or humans and are considered toxic environmental pol-
lutants.”* Various portable devices have been developed for the
rapid detection of PAH. For example, Zheng et al.”” introduced an
integrated microfluidic system for the rapid enrichment and detec-
tion of airborne PAHs with an LOD of 3.3 ng/m’ within 25 min.”
With the use of an enrichment cube, the device achieved a high
capture efficiency, which allowed the transfer of PAHs from the
enrichment cube to the detection device without extraction steps
using a crushing motion. The device demonstrated a high potential
for air pollution monitoring owing to its low cost, high sensitivity,
rapidity, and high throughput. Li et al.”® developed a monoclonal
antibodies-based biosensor for PAH detection in aqueous environ-
mental samples, with an LOD of approximately 0.2ug/l within
10 min. Generic antibody-based biosensors offer a low-cost and
rapid technique for detecting PAHs in aqueous samples.
Babolghani and Mohammadi-Manesh®’ conducted a simulation
and experimental study of a field-effect-transistor (FET) biosensor
to detect PAHs using a DNA/Cu,O-GS nanostructure.

Opverall, portable microfluidic devices or biosensors have been
introduced as alternatives to expensive, time-consuming, and
laboratory-based testing systems for the detection of environmental
pollutants. These promising characteristics make the portable
device a powerful tool for environmental monitoring. However,
these platforms still have limitations in monitoring pollutants from
a variety of sources or different ecosystems. Further improvements
are required to realize highly selective and sensitive detection of
analytes for various applications.

REVIEW pubs.aip.org/aip/bmf

V. CONCLUSIONS AND PERSPECTIVES

The demand for efficient methods to control environmental
pollution has attracted significant attention to the development of
portable sensing devices. In this review, the advancements in
microfluidic devices and biosensors for environmental pollutant
monitoring were discussed. Environmental control using microflui-
dics and biosensors is a promising advancement owing to their fast
analysis time, low cost, ease of use, and accuracy. The devices are
suitable for on-site testing, particularly in low-resource areas.
However, several limitations must be overcome with further
improvement of the biosensors:

« Biosensors provide an excellent tool for measuring analytes by
generating signals proportional to the concentration of the
analyte. However, biosensors cannot be used for sample prepara-
tion, which is an essential step in monitoring pollutants, because
they do not have the required components. By contrast, micro-
fluidic devices contain microchannels and chambers that enable
fluid flow and biochemical reactions. This property renders
microfluidic devices highly suitable for sample preparation.
Thus, biosensors should be integrated with microfluidic devices
to perform all essential steps in pollutant monitoring.

« Most biosensors for pesticide detection use enzymes as recogni-
tion factors, which provide fast, selective, and accurate detection.
However, their real-world applications are still limited because of
the thermal- and pH-sensitive properties of the enzymes, which
make long-term storage more difficult.

o Although immune-based devices provide high specificity and
rapid performance, difficulties in immobilization onto sensor
substrates and poor regeneration make the development of
devices more difficult.

o The main limitation in the application of devices to real samples
is the lack of research on the variation of samples because most
environmental monitoring devices focus on water, which is
much simpler in comparison with complicated environmental
samples. Consequently, only a small number of environmental
monitoring devices have been successfully commercialized.

o Further optimization is required to improve the specificity, sensi-
tivity, and reproducibility of the mass production and detection
of real samples. Further research should be conducted to study
the performance and shelf-life of these devices using different
environmental samples.

« Finally, the portability of biosensors for monitoring in field envi-
ronments is limited for many reasons, including sample prepara-
tion methods, device integration, fluid-handling techniques,
biological reagent storage conditions, and the requirement for
power and external equipment.
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