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Human-infecting pathogens that transmit through the air pose a significant threat to public health. As a
prominent instance, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that caused the
COVID-19 pandemic has affected the world in an unprecedented manner over the past few years. Despite the
dissipating pandemic gloom, the lessons we have learned in dealing with pathogen-laden aerosols should be
thoroughly reviewed because the airborne transmission risk may have been grossly underestimated. From a
bicanalytical chemistry perspective, on-site airborne pathogen detection can be an effective non-
pharmaceutic intervention (NPI) strategy, with on-site airborne pathogen detection and early-stage infection
risk evaluation reducing the spread of disease and enabling life-saving decisions to be made. In light of this,
we summarize the recent advances in highly efficient pathogen-laden aerosol sampling approaches,
bicanalytical sensing technologies, and the prospects for airborne pathogen exposure measurement and
evidence-based transmission interventions. We also discuss open challenges facing general bioaerosols
detection, such as handling complex aerosol samples, improving sensitivity for airborne pathogen
quantification, and establishing a risk assessment system with high spatiotemporal resolution for mitigating
Received 7th June 2023 airborne transmission risks. This review provides a multidisciplinary outlook for future opportunities to improve
DOI: 10.1039/d3cs00417a the on-site airborne pathogen detection techniques, thereby enhancing the preparedness for more on-site
bioaerosols measurement scenarios, such as monitoring high-risk pathogens on airplanes, weaponized
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1 Introduction

Although there are still many controversies and unknowns about
how respiratory pathogens spread between hosts, we must
acknowledge that the recent outbreaks of COVID-19 pandemic
has revealed critical knowledge gaps in understanding the air-
borne pathogen transmission: bioaerosols could be much more
prevalent than previously recognized and may be one of the
dominant routes for infection disease spreading.’™ For instance,
respiratory viruses, such as the severe acute respiratory syndrome
coronavirus (SARS-CoV), Middle East respiratory syndrome coro-
navirus (MERS-CoV), seasonal influenza virus, and respiratory
syncytial virus (RSV), and bacteria, such as Escherichia coli,
Salmonella enterica species, Enterococci species, Cryptosporidium
parvum, and Campylobacter, could cause infections by inhaling
pathogen-laden aerosols (Fig. 1 and Table S1, ESIT).*® There are
also robust evidences supporting that the airborne transmission
of SARS-CoV-2 contributed significantly to the recent COVID-19
pandemic.” " Despite the broad consensus that individual infec-
tion screening can mitigate pathogen spreading, airborne patho-
gens transmissions and infections cannot be fully eliminated in
crowded indoor environments, such as hospitals and nursing

Andrew J. deMello is currently
Professor of Biochemical Enginee-
ring at the Department of Che-
mistry and Applied Biosciences at
ETH Zurich. His research interests
include the development of micro-
fluidic devices for high-throughput
biological and chemical analysis,
ultra-sensitive optical detection tech-
niques, nanofluidic reaction systems
for chemical synthesis, novel
methods for nanoparticle synthesis,
and the processing of living
organisms.

Andrew J. deMello

Junji Cao is a professor at the
Duvision of Aerosol and Environ-
ment (DAE) at the Chinese
Academy of Sciences (CAS). His
main research interests focus on
establishing emission inventories,
conducting air quality studies, and
performing statistical data analyss.
He was the founder of the Key
Laboratory of Aerosol Chemistry &
Physics at CAS, where he leads a
group in conducting ambient and
source characterization  studies,
laboratory filter processing, chemi-
cal speciation, and pollution control.

AA
A
AX,

Junji Cao

8532 | Chem. Soc. Rev,, 2023, 52, 8531-8579

View Article Online

Chem Soc Rev
homes, due to the large number of asymptomatic infections."*'?
Moreover, when airborne pathogens are weaponized, the trans-
mission risks of disease can be manipulated to place a biosafety
threat. In response, many research and practical efforts have
focused on achieving on-site airborne pathogen detection and
fast infection transmission risk estimation.'** Of particular
interest in this context are enclosed indoor environments, such
as schools, hospitals, and public transportation.”** 3

There has been renewed focus and interest in creating tools for
the on-site sampling and biosensing of airborne pathogens ever
since the recent pandemic. To truly realize the on-site and
accurate determination of trace amounts of airborne pathogen,
it is critical to review and assess the advanced strategies and novel
development in bioaerosol sampling, on-site airborne pathogen
detection, and early infection risk assessment. Therefore, in this
review, we aim to provide a comprehensive analysis of recent
progress in pathogen-laden aerosols sampling and biosensing
strategies, and the contributions to on-site infection risk assess-
ment, with particular interests in bioanalytical chemistry innova-
tions (Fig. 1). Most of the current research, especially in healthcare
settings, use off-site approaches (such as reverse-transcription
PCR) to evaluate airborne pathogen exposure.”** To engender
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Fig. 1 Schematic illustration of airborne pathogens emission and transmission risk in enclosed indoor environments. The figure on the right shows the
typical pathogens that may be airborne transmitted, including bacteria and viruses, as well as their physical dimension and the infection dose (IDsg). VP,

virus particle; CFU, colony-forming units; IDso, median infective dose.

improvements in this area, we emphasize that on-site measure-
ment with biosensors could benefit transmission control and the
implementation of NPI strategies. Moreover, investigating dose—
response relations between the exposure level and the infection
possibility is critical in determining the required detection limits
and correlating measurement results with potential infection
risks. Accordingly, dose-response analyses of airborne corona-
virus through meta-analysis, animal-based infection experiments,
and case studies of SARS-CoV-2 are reviewed and discussed as the
typical representative in this work. These research results, including
the exposure measurement and dose-response analysis, are the
critical basis for conducting risk assessments and determining
safety levels.>>3°

Due to the lack of high-resolution spatiotemporal exposure
information on airborne pathogens, the current risk assessment
strategies for individuals and specific indoor environments are
based on extrapolation modeling and theoretical predications.®”
To this end, on-site airborne pathogen biosensing systems can in
principle provide real-time pathogen exposure information with
high spatial resolution, as illustrated in Fig. 2. Combined with
dose-response relationships and risk level assessments, spatio-
temporally accurate risk-alerting systems could be established
for implementing more effective epidemic interventions. Such a
goal imposes high standards for on-site viral aerosol biosensing
technologies.

For on-site pathogen detection, the effective collection of
bioaerosols is a critical prerequisite, i.e., with maximal sam-
pling efficiency and minimal damage to bio-functionalities or
molecular structures.*®*™*° An ideal bioaerosol sampling system
used for on-site airborne pathogen detection should (1) be fast
and efficient to handle plenty of air, allowing real-time or quasi-
real-time detection, (2) maintain integrity of the sampled
pathogen particles, enabling quantitative analysis through bio-
chemical interaction, (3) be easy-to-integrate, enabling rapid

This journal is © The Royal Society of Chemistry 2023

subsequent chemical processing and bioanalytical testing.
Therefore, we focus our discussion on the development of
rapid and bio-integrable pathogen sampling devices, especially
those that meet the above requirements."®

Similar to bioaerosol sampling devices, many advanced on-site
and point-of-care biosensing approaches have been proposed
recently.” ™ In a manner different to summaries of existing
personal diagnosis approaches, we primarily focus on reviewing
novel biosensing systems that can rapidly detect trace amounts of
airborne pathogen particles on-site. Ideally, on-site biosensing
devices should be: (1) Sensitive, with superior limit of detection to
quantify trace amount of airborne pathogens; (2) accurate and
specific, to provide reliable pathogen exposure information and
avoid background interferences from the complex aerosol matrix;
(3) robust, so that they can operate on-site in different environ-
ments; (4) swift, to provide fast quantitative biochemical analysis
results; (5) versatile, allowing the detection of multiple or different
pathogen targets under various scenarios; (6) automated, enabling
continuous monitoring with minimal human operations; (7)
connectable, allowing access to Internet of Things (IoT) for data
analysis by edge computation, remote monitoring, telecommuni-
cation, and networking. We review and summarize the bioanaly-
tical chemistry technologies that can meet or have the potential to
meet the above “SARSVAC” criteria. The potential interferences of
typical airborne pollutants for on-site pathogen detection as well
as the feasible solutions are also discussed. Furthermore, early
warning via biosensing systems necessitates detection in public
areas, where trace amounts of airborne pathogens potentially
exist. The last section of this review is dedicated to inspecting
novel “plug-and-play” biochemical amplification strategies
that help to improve the sensitivity, accuracy, functionality, and
robustness of on-site airborne pathogen detection. Last but not
least, we share our insights on the open challenges in on-site
airborne pathogen detection, such as handling complex aerosol

Chem. Soc. Rev,, 2023, 52, 8531-8579 | 8533


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00417a

Open Access Article. Published on 26 October 2023. Downloaded on 10/26/2025 9:47:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

View Article Online

Chem Soc Rev

Risk Assessment of

Modeling (indirect) <G

with Epidemiological data

* Pathogenloads
* Emission rate

Bioaerosols

Measurement (direct)
with novel biosensors

* Bioaerosol collect
e Sampling efficiency

» Ventilation and loss

Emission Estimation

e Aerosols deposition
* Pathogen decay rate

Exposure Assessment o

- Pathogen decay
* Loss and damage

Aerosol Sampling

* Pretreatment
Sample delivery

e Pathogen inactivation

Exposure Calculation

* Biosensing
» Sensitivity and LOD

On-Site Detection

« Exposure time [ e  Applied dose
* Masking e Internal dose
+ Inhalation rate Dose Response  Effective dose
* Environmental factors & Assessment » Infections
» Infection probability a + * Acceptable risk
e Interindividual e level
difference e Risk » Maximum period for
* Host sensitivity Lj‘ Assessment acceptable risks

Infection Risk

Maxi. Exposure Time

Fig. 2 Schematic illustration of on-site risk assessment of airborne pathogens, which includes an indirect approach of using modelling-based emission
and exposure estimation with the basis of epidemiological data (left-hand side and the blue panel) and a direct approach of using pathogen-laden aerosol
sampling and point-of-exposure measurement (right-hand side and the orange panel). Based on further analysis of human dose-response toward a
specific type of pathogens, the risk level, including the personal infection risk and maximum exposure time, can be determined.

samples, improving the sensitivity for detecting trace amounts of
airborne pathogen, and establishing high-spatiotemporal risk
assessment systems for mitigating airborne pathogen transmis-
sion risk. We hope our cross-disciplinary outlooks in this review
could provide inspiration for researchers from different research
communities so as to further improve the preparedness for on-site
airborne pathogen quantification and risk assessment.

2 Airborne transmission of
contagious pathogens
2.1 Retrospect of airborne pathogens

Dating back to the 1930s, airborne-based infections and trans-
missions have been classified into two distinct forms, mainly
depending on the size of the airborne pathogen carriers.*>*
One of them was a “droplet”-based infection, which refers to
large respiratory droplets that are rapidly removed from the air
by gravity before drying. These droplets generally settle on the
surface of objects and indirectly infect susceptible individual
(infectee). The second form was introduced as ‘‘aerosol’-
transmitted infection. Generally, the term ‘“‘aerosols” represents
the dried residues or droplet nuclei suspended in the air. Since
the sizes of aerosols are typically small (<5 um), their trans-
mission depends dominantly on the buoyancy of the air,

8534 | Chem. Soc. Rev,, 2023, 52, 8531-8579

allowing them to remain transporting for extended periods of
time and longer distances compared to the droplets. Airborne
transmissible pathogens could be directly released from an
infected person (infector) and transmitted to an infectee via
these two airborne-based infection routes (ie., droplet and
aerosol). Traditionally, it is widely believed that direct contact,
large respiratory droplets, and droplet-contaminated surface
(fomite) are the dominant transmission approaches for respira-
tory viruses, while long-distance airborne transmission (aero-
sol) only occurred in special circumstances and for specific
pathogens. Fig. 1 summarizes the pathogens that have been
found to be transmitted via aerosols. For example, the fecal
coliform group bacteria such as Escherichia coli, Salmonella
enterica species, Enterococci species, Cryptosporidium parvum,
and Campylobacter species can transmit in air and infect others
through the aerosolization of contaminated wastewater. Mean-
while, fungal bioaerosols, which consist of spores, mycelium
fragments, and debris, can be inhaled and cause numerous
symptoms including allergies, irritation, and opportunistic
infections.”” There are also a number of studies demonstrating
the aerosol transmission of respiratory viruses, including influ-
enza, rhinovirus, adenovirus, measles virus, respiratory syncy-
tial virus (RSV), and human coronavirus (e.g., MERS-CoV and
SARS-CoV).>7*%%% For instance, a large community outbreak of
SARS-CoV in Hong Kong was investigated by applying airflow

This journal is © The Royal Society of Chemistry 2023
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dynamic modelling, in which the infection data and the pre-
dicted 3D spread results were well correlated.” This study high-
lighted the importance of considering the aerosol transmission
route in infection prevention and control. In addition to respira-
tory infections and epidemic diseases, bioaerosols can impact
the quality of the air we breathe, thereby affecting our daily well-
being. The inhalation of bioaerosols could cause irritation and
inflammation in the respiratory system. Consequently, sick
building syndrome (SBS), characterized by coughing, wheezing,
shortness of breath, headaches, fatigue, and decreased cognitive
function, may occur in enclosed indoor environments.>°

In the past few years, the characteristics of bioaerosol trans-
mission have been extensively studied, and many characteristics
of the airborne pathogen transmission have been clearly eluci-
dated. Pathogens such as SARS-CoV-2 can be transmitted in
aerosols in different environmental scenarios such as health-
care settings, private cars, public transportation, schools, bars,
and gymnasiums.'***">> Although long-distance transmission
and potential high infectivity have been recognized, there are
still some controversies about the airborne pathogen transmis-
sion, largely because of an incomprehensive understanding of
the pathogen-laden aerosols and insufficient reliable analytical
chemistry techniques in the toolbox for on-site bioaerosol
detection.”®>*™° Currently, the accumulated research results
not only illuminate the limitation of conventional point-of-
views about airborne virus transmission but also bridge the
cognitive gap and serve as important knowledge supports for
the emerging research regarding on-site bioaerosol sampling,
transduction, and risk level assessment. By systematically sorting
out the characteristics of aerosol transmission in the following
sections, we are aiming to identify the internal physiochemical
properties of pathogenetic bioaerosols and the external potential
environmental factors that may impact airborne transmission.
More importantly, these characteristics can facilitate the develop-
ment of on-site bioaerosol testing systems for reliable risk assess-
ment and further deepen the epidemiological knowledge about
pathogenetic bioaerosol transmission.

2.2 Physiochemical properties of pathogen-laden aerosols

Particle size is the most critical factor in determining aerosol
behavior. Under typical indoor or enclosed airborne conditions,
particles less than 5 microns in size can remain in the air for
prolonged time periods.”® Airborne bacteria can vary in size
depending on the species and typically falls between 0.3 and
60 um in diameter (Fig. 1). Similarly, airborne fungi generally
range from 1 to 100 pm in diameter. Additionally, fungal spores
can vary greatly in size depending on the environmental con-
ditions. The size of single viral particles was significantly
smaller, with a prevalent diameter of 0.02-0.4 um.

For transmittable pathogenic bioaerosols that cause infec-
tions in the respiratory tract, expiratory activities such as
breathing, speaking, coughing, sneezing, and singing could
be one of the initial sources (Fig. 3a).'®*”*® The respiratory
airflow and induced shear forces are among the main drivers of
respiratory aerosols and droplet formation.>>*® For instance,
pathogen-laden aerosols can be generated through fluid film

This journal is © The Royal Society of Chemistry 2023
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rupture in respiratory bronchioles and the resulting aerosols
being drawn into the alveoli and discharged during exhalation.®*
Compared with aerosols generated from the lower respiratory
tract, laryngeal and oral aerosols have a broader particle size
distribution and primarily contain larger-sized droplets. In case
of speech, the exhalation aerosol size from human bronchioles,
larynx, and mouth were identified with count-median diameters
at 1.6, 2.5, and 145 pm, respectively, while in the case of
coughing, the median diameters were located at 1.6, 1.7, and
123 um.>® Nonetheless, the pathogen load is not proportional to
bioaerosol size. Recent studies have shown that smaller aerosols
(<5 pum) generated in the lower respiratory tract were likely to
contain more respiratory viruses than larger aerosols (>5 pm)
generated in the upper respiratory tract.®**

The number concentration of airborne pathogen is another
key physiochemical characteristic that should be considered for
disease transmission control. However, the number concen-
tration of exhaled pathogen-laden aerosols have large interin-
dividual variability by almost three orders of magnitude and
heavily depend on the disease stage, age, and preexisting health
conditions.®! One recent work suggested that post-symptomatic
individuals with coronavirus infection produced higher number
of exhaled aerosols at about 1300-2700 aerosol particles per liter
in air (ap per L), while the noninfected control and recovered
individuals expelled aerosols with much less number concentra-
tions at 7-198 ap per L.** Other expiratory activities such as
speaking, coughing, and sneezing can produce even higher
number of airborne particles. For instance, loud speech can
emit more than 1000 oral airborne particles per s, which refers to
a number concentration greater than 2600 ap per L (under an
exhalation rate of 1.38 m* h™")."°

In case of the bioaerosol dimension and number concen-
tration, it is important to consider that the size distribution of
pathogen-laden aerosols could evolve over time due to the in-air
evaporation, fusion, condensation, and deposition.®®> Evapora-
tion can decrease the diameter of airborne particles, as shown
in Fig. 3b. Additionally, smaller bioaerosols could reach an
extremely low settling velocity by reaching a balance between
the gravitational force and drag force (Stokes’ Law) and there-
fore remain in the air for prolonged time periods.®® For
instance, a 100 pm bioaerosol at a height of 1.5 m can remain
in the air for just 5 s, while a smaller bioaerosol with 1 um
diameter can be suspended for more than 12 h.®® One recent
time-resolved modelling study demonstrated that, as shown in
Fig. 3d, all large respiratory droplets (100 pm-1 mm) reach the
ground within 1 min, while small aerosols <5 pm could remain
suspended after 1 h under a typical ambient condition (tem-
perature T = 20 °C and RH = 60%).®” Other intrinsic physical
properties, such as the initial velocity and the aerosol morphology,
also directly determine the transport distance and behaviors in
air, as shown in Fig. 3e. For instance, the initial velocity of virus-
laden aerosols produced in sneezing can reach 10-20 m s %,
thereby spreading the virus over a significant distance.®®%

The alterations of physiochemical properties during the
generation and transportation of bioaerosols can also impact
the viability and infectivity of airborne pathogens.”® The initial

Chem. Soc. Rev,, 2023, 52, 8531-8579 | 8535
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permission from ref. 67. Copyright (2021) the Royal Society.

airborne droplets or aerosols could have similar chemical
compositions as the respiratory fluid, which includes non-
volatile ions, proteins, surfactants, and organic substances, as
shown in Fig. 3c. In-air evaporation and nucleation can elevate
salt concentration within the bioaerosols. This concentration-
difference between the pathogen interior and the external
medium can induce osmotic pressure, leading to changes in
the viability of the virus, bacteria, and spores including damage
to structural protein, destruction of the overall structure, and
degradation of internal nucleic acids.”* Therefore, the physico-
chemical impacts on the viability of airborne pathogens should
be considered when using the on-site measurement results to
assess the transmission risk. Section 2.4 will discuss the
external environmental factors that could potentially impact
the viability of airborne pathogen and the quantitative on-site
detection results.

2.3 Airborne transmission route of contagious pathogens

Airborne pathogen can originate from a variety of sources,
including infected individuals, environmental sources, and
heating ventilation and air conditioning (HVAC) systems.
Among these, the inhalation of respiratory bioaerosols containing
the pathogen is the most prevalent and dominant transmission
route. Previous studies have demonstrated that airborne

8536 | Chem. Soc. Rev, 2023, 52, 8531-8579

pathogens such as tuberculosis, measles, chickenpox, and influ-
enza can be transmitted via air through inhalation. Typical
scenarios and case studies of airborne pathogen transmission,
including virus, bacteria, and fungi, are summarized in Table S2
(ESTY).

Ventilation is an effective means of addressing and reducing the
indoor airborne transmission of infectious pathogens. Increased
airflow can effectively reduce the concentration of bioaerosols in
enclosed spaces. However, external airflow such as HVAC sys-
tems may facilitate the diffuse and disperse of airborne particles
in the environment, particularly fine pathogen-containing
aerosols. For example, a cluster of SARS-CoV-2 infections
was reported among three families seated at adjacent restaurant
tables.”” Reportedly, the HVAC system also contributed to the
outbreak of Legionnaires’ disease in different indoor
environments.”>”* In these cases, the air-conditioner was sus-
pected to be the main driving factor to promote the aerosol
transmission and potentially caused the sick-building syndrome.

Additionally, alternative bioaerosol transmission routes
based on environmental sources may also widely exist. Patho-
gens may also be present in the soil, water, or animal waste.
These pathogens may become airborne through natural pro-
cesses such as wind or human activities, such as construction
or farming.”> Moreover, animal farms have been considered as

This journal is © The Royal Society of Chemistry 2023
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the critical reservoir of antibiotic resistant bacteria (ARB) and
potentially spreading antibiotic resistant gene (ARG) that threa-
ten human and animal health worldwide.”®

The human digestive system can also excrete infectious
pathogens such as E. coli, Clostridium difficile, influenza,
SARS-CoV-2, Mycobacterium tuberculosis, and Streptococcus
pneumoniae. Recent studies have revealed that the amount of
SARS-CoV-2 viral genetic materials were found to be 10>-10°
copies per mL in urine and 10°-10” copies per mL in stool
samples.”””° One investigation also suggested that a large
number of aerosols in the size range 0.3-3 pm were generated
during toilet biomatter flushing, and these fine aerosols could
remain suspended in air for long periods of time and reach
heights of >1.52 m.”” A fluidic dynamic simulation also demon-
strated that up to 60% of pathogen-laden aerosols can transport
be upward above the toilet seat during flushing.”® These dis-
coveries also indicated the potential airborne transmission route
from sewage networks and wastewater treatment.®°

Another important aspect that needs to be considered in the
airborne transmission route is the lifetime of airborne pathogens,
which is dominantly determined by two factors: (1) the airborne
lifetime that the bioaerosols remain suspended in air and (2) the
inactivation lifetime (pathogen half-life) determined by external
environment factors. The airborne lifetime is related to the
stabilized aerodynamic size. As mentioned earlier, the suspension
duration can be predicted theoretically by Stokes’ law, where the
terminal velocity of a falling aerosols is approximately propor-
tional to the square of its diameter. In a recent study, the authors
utilized a stagnant-air environment to investigate the air-
suspension lifetime of aerosols produced by speech. Apart from
the time-resolved simulation showed in Fig. 3d, there are a
number of direct experimental works to investigate the aerody-
namic lifetime of virus-laden aerosols. For instance, one study
indicated that the droplet nuclei of 4 um diameter (corresponding
to 12-21 um droplet prior to dehydration) remained in air for
8-14 min." Similarly, another recent study also suggested that
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10 pm aerosols would take 9 min before reaching the ground
when produced at a height of 160 cm.*!

Regarding the inactivation lifetime of airborne pathogens,
the Goldberg-drum approach is typically used to investigate
the viability and persistence of the suspended pathogens.®” It
has been revealed that the median half-life of SARS-CoV-2 was
estimated to be about 1.1 h at 65% relative humidity (RH) and
21-23 °C.*% In another experimental study, airborne SARS-CoV-2
virus particles retained infectivity and virion integrity for up to
16 h at 53% RH and 23 °C.** The halflife and infectivity of
airborne pathogens are predominantly affected by ambient
environmental conditions such as RH, temperature, and irradia-
tion conditions.®> These key environmental and external factors
affecting the airborne transmission of pathogens are discussed
in detail in the following section.

2.4 Key environmental factors affecting the transmission of
airborne pathogens

2.4.1 Temperature. Temperature is significant in maintaining
the viability of the airborne pathogens in terms of biomolecular
morphology, structure, and function.®® Therefore, airborne trans-
missibility can be affected by ambient temperature in many
different aspects such as temperature-dependent infectivity and
airborne viability. Bacteria have a range of optimal temperatures
for growth, and any deviation from that range can negatively affect
their viability. One recent study investigated self-decay laws and
efficiencies of airborne bacteria under different temperatures.®”
As illustrated in Fig. 4a, the Gram-negative bacteria were found
to be more sensitive to temperature change compared with Gram-
positive bacteria, where the self-decay efficiency of Gram-negative
under low temperature (3 £ 2 °C) was 49% higher than that under
room temperature (18 £ 2 °C), and the value of Gram-positive was
32% at the same condition. Regarding the airborne virus, recent
study revealed that enveloped viruses such as SARS-CoV-2
decayed more rapidly when either humidity or temperature was
increased.®® At a typical room temperature of 24 °C, the half-life
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(a). Self-decay kinetics laws and efficiency fitting model of airborne E. coli and S. aureus under room temperature (18 + 2 °C, RT) and low

temperature (3 + 2 °C, LT) conditions. Reprinted with permission from ref. 87. Copyright (2022) Elsevier B.V. (b). The inactivation rates or the biological
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of the virus ranged from 6.3 to 18.6 h but significantly decreased
to 1.0 to 8.9 h when the temperature increased to 35 °C. The
thermodynamic nature of biomolecules may decay faster at
elevated temperatures, thereby making pathogens lose their
viability and infectibility. Therefore, airborne pathogens such
as coronavirus and influenza virus are more persistent at lower
temperatures.

The second aspect affecting airborne pathogen transmission
is the infectivity under different ambient temperatures. During
expiration, the temperature along the respiratory tract progres-
sively decreases with airflow from the lower to the upper part.*
Specifically, the average ambient temperature of the lower respira-
tory tract is approximately 35-37 °C under normal quiet breathing
conditions and slightly decreases to about 32-33 °C in the upper
trachea and mouth. By an increase in the breathing rate, the
temperature along the airway may slightly fell to 33.9 °C and
29.2 °C, respectively. A recent study has shown that the infectious
titer and replication kinetics were higher at lower temperature of
33 °C than that at 37 °C, which indicated that respiratory viruses
like SARS-CoV-2 had a better replication capacity in the upper
respiratory tract.”® Therefore, colder incubation temperature, such
as the elevated breathing rate and lower environmental tempera-
ture, allowed the virus to replicate faster, therefore facilitating the
transmission of the airborne viruses.

2.4.2 Humidity. Typically, pathogen-laden aerosols expelled
from respiratory tract lose both heat and moisture, thereby quickly
forming smaller equilibrium particles within seconds (Fig. 4b).
The evaporation and the induced osmotic pressure may signifi-
cantly impact the viability of the pathogen by disrupting the
biomolecular structures. By comparing the infectivity at different
RHs, it was found that the osmotic stress and salts crystallization
at low RH conditions led to an instant loss of infectivity of more
than half of the airborne virus.”" In contrast, at a high RHs of 80%
and above, the airborne virus might be far more stable, with
infectivity rarely falling below 80% after 2 min. Regarding the long-
term infectivity, a decrease to ~10% of the starting value was
observable for both RH = 40% and 90% over 20 min. In addition,
different chemical components in the original aerosols or droplets
may also affect the stability of airborne pathogens when changing
the RH. An acidic environment may decrease the pathogenic
viability, while organic macromolecule contents (protein, surfac-
tants) could enhance the longevity of airborne viruses.”"*> Based
on the experiments results from the literature, Aganovic and co-
workers summarized the biological decay constant (k) at different
RHs from 20% to 90% at a constant temperature of 20 °C, as
shown in Fig. 4b.>* The airborne enveloped viruses demonstrated
a high viability and a low decay rate at RH = 37%. To date, the
mechanism and impact of RH-induced inactivation are still not
fully understood. The efflorescence-deliquescence divergent infec-
tivity (EDDI) hypothesis was recently used to predict the RH-
dependent survival of airborne virus, which suggested that the
surviving fraction in low RH was higher than that in higher RH
aerosols.”* This trend was also consistent with the collective
experimental results shown in Fig. 3e and 4b.

Notably, enveloped airborne viruses such as influenza and
coronavirus follow this trend and survive longer at lower RHs,
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whereas non-enveloped airborne viruses have a tendency to
survive longer at higher RHs. Similarly, both Gram-positive and
Gram-negative bacteria have an optimal RH range between 40%
and 60% for their survival. High RH levels can cause the cell
wall to rupture, leading to bacterial death. On the other hand,
low RH levels can cause the cell wall to dehydrate, leading to a
decrease in bacterial growth and reproduction. Therefore, it is
important to consider both the pathogen species and its
behaviors under different RHs when assessing the transmis-
sion risk of airborne pathogens.

2.4.3 Radiation conditions. Radiations including the UV
light can rapidly inactivate pathogens in aerosols.*>®* In airborne
transmission, bioaerosols are inevitably exposed to different
irradiations such as natural sunlight, especially in outdoor envir-
onments. Using the solar simulator with spectra designed to
represent the UV range (280-400 nm) of natural sunlight, the
decay rate and lifetime of airborne bacteria and viruses were
investigated in a Goldberg rotating drum aerosol chamber.”® For
enveloped viruses such as influenza and SARS-CoV-2, the mean
decay rate in simulated saliva were found to be 0.121 =+
0.017 min~"' (90% loss, 19 min) under winter sunlight condition
and 0.306 4+ 0.097 min~' (90% loss, 8 min) under summer
sunlight condition. The mean decay rate without simulated sun-
light was much lower at 0.008 4 0.011 min~* (90% loss, 286 min).
In addition, prolonged exposure to visible light of short wave-
lengths (400-420 nm) may also reduce the viability of airborne
pathogens.’® Additionally, when applying an average UV intensity
of 10 W cm™?, 63 percent of airborne tuberculosis bacteria could
be inactivated in 24 s, and 99 percent were eliminated in 2 min.
Another study demonstrated that the median natural inactivation
ratio of airborne Mycobacterium abscessus was 62.2% after 30 min
and 75.5% after 40 min.”” An increased UV-c radiation dose by
83.1 pW s cm ™2 can elevate the ratio to 83.1%.

Therefore, the further evaluation of the surrounding UV
(radiation) exposure levels is recommended in order to accu-
rately calculate the viability and actual transmission risk of
pathogens. Although ordinary indoor lighting systems, such as
white LED and Halogen lamp, barely contain radiation in the
UV band, the decay rate of the airborne pathogens during on-
site risk assessment should also be further investigated and
considered.

2.4.4 Ozone and airborne oxidizing agents. The inactiva-
tion of airborne pathogens by ozone and other oxidizing agents
is another significant factor that needs to be considered in
evaluating the infection and transmission risk.”®°? The general
inactivation mechanism is based on chemical reactions
between the oxidants and the biomolecules constituting the
essential structures or functions of pathogens.'°® For instance,
ozone or other oxidant species, e.g., hydroxyl radical, singlet
oxygen can react with the nucleic acids of the airborne patho-
gens and potentially impact the accuracy of biomolecular
sensing results. The recent experimental results demonstrated
that the longevity of the enveloped coronavirus was negatively
impacted by ozone.’® The spread of airborne viruses was obviously
reduced by three order of magnitudes by increasing the ambient
ozone concentration level from 48.83 to 94.67 pg m . Similar

This journal is © The Royal Society of Chemistry 2023
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to effective UV treatment, high oxidant concentrations
(129 000 pg m™~* min) may inactivate most of the airborne viruses
within minutes.”*'*!

The key environmental factors mentioned above can indivi-
dually impact the transmissibility and infectivity of airborne
pathogens. However, the overall impact on the airborne trans-
mission should be carefully considered based on the specific
on-site environments. For instance, although both higher RHs
and UV radiation can inactivate airborne enveloped virus, the
elevated RH may also reduce the UV damage and thereby
increase their persistence.'”*'% Therefore, in the on-site bioaer-
osol sampling and sensing process, it is necessary to fully
consider the inactivation and decay rate caused by different
environmental factors so as to accurately calculate the concen-

tration and quantitative infection risk level of viable pathogens.

2.5 Growing concerns over airborne pathogens

Over the past few decades, airborne pathogens and bioaerosols
have been a growing public health concern due to their potential
to cause widespread disease outbreaks, their use as biological
weapons, and daily health impact such as sick-building syndrome.

One of the main concerns is the airborne transmission of
contagious pathogens. Based on the physiochemical properties of
bioaerosols introduced in Section 2.3, airborne pathogens trans-
port and deposition in the respiratory airways can be determined
using several established models such as the multiple-path parti-
cle dosimetry (MPPD) model, as shown in Fig. 5.

Regarding normal respiratory activities, large droplets
mainly transport for a short distance in the air (usually less
than 1 m), but they deposit on the lip/eye/nostril mucosa of
another person at close contact and cause inoculation. In
contrast, pathogen bioaerosols smaller than 2.5 pm can remain
suspended in the air for a long time and penetrate deeply into
the lower respiratory tract to cause infections. One example is
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Fig. 5 Demonstration of the typical dimensions of different airborne
pathogens and their potential deposition locations via breathing, including
the whole respiratory tract (total), nose-nasopharynx-larynx (head air-
ways), tracheobronchial airways, and alveolar region (pulmonary). The
depositions were predicted based on the mathematical model (multiple-
path particle dosimetry model, applied research associates).
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Streptococcus pneumoniae, a 0.5-1.2 pm bacterium that can
penetrate into the trachea, bronchi, and cause pneumonia.
Another example is Mycobacterium tuberculosis, the bacterium
that causes tuberculosis. Viruses such as influenza and SARS-
CoV-2 can also cause lower respiratory tract infections. Most
seasonal Influenza viruses infect the cells lining in the larger
airways, trachea, and nasopharynx, while the pneumotropic
influenza A virus strains such as H5N1 target the lower respira-
tory tract like the lung airways and alveoli.'®* Additionally,
SARS-CoV, MERS-CoV, and SARS-CoV-2 also replicate in the
lower respiratory tract in humans. By considering the dimension
of airborne pathogens, fine (<2.5 um) and ultrafine (<0.1 um)
bioaerosols have become a common and growing concern due to
their large penetration depth and lower inoculum in causing
respiratory tract infections. However, current bioanalytical sys-
tems for detecting bioaerosols are still not well-established. This
has also led to a current technology shortage in the toolbox for
epidemic prevention and public health intervention.
Additionally, bioaerosols and airborne pathogens may influence
our daily lives in a pervasive but covert manner. The accumulation
of airborne microorganisms may result in sick building syndrome
(SBS), characterized by asthma symptoms, mucous membrane
irritation, gastrointestinal disturbances, and neurotoxic effect.
Severe toxicosis and cancer could also result from a long-term
and continuous exposure to airborne mycotoxin. At present, the
specific conditions that lead to SBS are not fully understood. All of
these concerns about airborne pathogens motivate ongoing
research into the detection and risk evaluation of bioaerosols.

3 Risk level determination of airborne
transmission

Based on the progressively improved understanding of airborne
pathogen transmission, the importance of the fast and quantita-
tive risk assessment of airborne pathogen transmission for
a wide variety of public and indoor environments has been
recognized.**'%'% To achieve reliable risk level determination
of airborne pathogen transmission, many key factors and aspects
need to be considered, such as the airborne pathogen emission,
airborne pathway by considering the decay and removal rate,
human exposure, and dose-response relationships.'*>*%"1%
Using respiratory viruses as examples, this section will review
the recent advances and challenges of risk assessment of airborne
pathogens based on the extensive and systematic studies con-
ducted in recent years.

3.1. Exposure to airborne pathogens

Airborne pathogen exposure is defined as a contact over time
and space between a person and bioaerosols. Exposure assess-
ment is to identify and define the exposures that occur or are
anticipated to occur within a specific microenvironment. This
can be a complex endeavor requiring analysis of many different
aspects of the contact such as bioaerosol emission, removal
rate, exposure pathway and route, and exposure concentration
and duration.
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As the central feature of airborne transmission risk assess-
ment, quantitative exposure assessment can be approached in
two general ways: direct measurement (e.g., on-site and point-
of-contact sensing) and indirect measurement (e.g., modelling).
Direct measurements are an unequivocal way to establish
individual exposure assessment to a specific airborne pathogen
like coronavirus, influenza, or Bacillus anthracis. However, the
direct measurement of airborne virus exposure in this ongoing
COVID-19 remains technically impracticable and unaffordable
for broad applications. Thus, using mathematical models and
information abstracted from physical realities can be a cost-
effective way for the urgent need of extensive exposure assessment
and risk level determination. Some representative measurement
results (data collected from different epidemiological studies) and
preliminary characteristics can be used in the models for exposure
estimations. Therefore, the main challenge is to develop appro-
priate and robust mathematical models so as to extrapolate
the exposures and doses of individuals and communities in
more different environmental scenarios. In this section, recent
advances in bioaerosol exposure and transmission risk assess-
ment will be analyzed using SARS-CoV-2 as a typical case study.

3.1.1 Respiratory pathogen emission. Bioaerosol emission
is the fundamental data for the evaluation of the transmission
risk. Respiratory pathogens shedding such as coronavirus
(NL63, OC43, HKU1, and 229E) and influenza viruses were
directly measured in the exhaled breath and coughs of patients
with acute respiratory illness.'®® Results indicated that 10°-10>
virus particles were emitted and carried by aerosol particles less
than 5 um for 30 min, whereas 10" virus particles were loaded
onto particles larger than 5 pm in the same conditions.

Recently, Buonanno and co-workers proposed a forward
emission approach to estimate the airborne virus emission
based on the viral load in the sputum.'®® The virus (quanta)
emission rate is evaluated as

ER, = Cy-Ci IR-Vg = Cy(Crua Crru) VIR Vg

in which C, is the viral load in the sputum (i.e., 10’ RNA copies
mL™"), C; (quanta RNA copies™ ') is a conversion factor defined
as the ratio between one infectious quantum and the infectious
dose expressed in viral RNA copies, IR is the inhalation rate
(m® h™"), and Vj is the droplet volume concentration expelled
by the infectious person (mL m™3). In this work, a quantum is
defined as a dose of airborne droplet nuclei required to cause
infection in 63% of susceptible persons. Based on the retro-
spective results on human coronavirus, the authors adopted an
average Cppy value (quanta-to-plaque forming unit conversion
factor) of 2.1 x 10> PFU quanta ' and an average Cpna (RNA
copies-to-PFU conversion factor) of 1.3 x 10> RNA copies PFU "
to quantify the emission rate."**"""

Emission estimation is a convenient but indirect method for
predicting the airborne pathogen concentrations. Although
some different factors have been considered, the amount of
pathogen shedding in patients can fluctuate greatly depending
on the personal conditions such as the vaccination status, stage
of infection, personal health conditions, and the infected cor-
onavirus strain."*>'"* Additionally, the majority of respiratory
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pathogens lack systematic research efforts comparable to those
of the novel SARS-CoV-2 virus. Consequently, there are no
reliable data to evaluate the exhalation discharge of pathogens
at the individual level.

3.1.2 Evaluation of the exposure to airborne pathogens.
There are mainly three types of numerical models to evaluate
the exposure to bioaerosols, i.e., jet models, box models, and
computational fluid dynamics (CFD) models, as shown in
Fig. 6.'°7'' jet models are utilized for exposure at a short
distance, while the box models are usually for exposure assess-
ment in the enclosure space with the assumption of a well-
mixed condition with the homogenous distribution of particles.
CFD models represent the detailed physical models for both
short- and long-range dispersion.*”

For the exposure due to close contact, mathematical models
for the dynamics of expired jets are normally utilized to evaluate
the exposure to large droplets (>5 um) and small airborne
droplet nuclei (<5 pm) in the exhaled plume (Fig. 6a)."'>''
Turbulent round jet models are usually adopted to describe the
velocity profiles in the expired jets, which normally follow
Gaussian profiles.'’” Lagrangian methods, e.g., discrete random
walk model, are adopted to estimate the motion of the particles
in the jets.""® The simplified jets and dispersion model could be
utilized to evaluate the exposure over short distances, e.g.,
several meters, due to the combined impacts of large droplets
and small airborne droplet nuclei.

Box models, as shown in Fig. 6b, are adopted as a simplified
method to evaluate the concentrations of pathogens in indoor
environments, e.g., rooms, cars, and airplanes.'”” Box models
assume well-mixed contaminants and homogeneous concen-
trations in the enclosure space; thus, the variation of the
airborne concentration of active pathogens can be described
by an ordinary differential equation based on mass balance,
which is solved analytically.**'%”'*%11° Box modes are dependent
on the important parameters, including pathogen shedding rate
(emissions), the inner volume of enclosure space, ventilation rate,
deposition of particles on the surfaces, and biological decay.'"®
Parameterization models are normally required for the estimation
of deposition rates.””® Box models could quantify the average
exposure in the enclosure space, which is a reasonable assump-
tion when people tend to move around, e.g., in supermarkets and
shopping malls."*" However, it might have biases when people are
relatively static, e.g., in classrooms and libraries, where the spatial
distribution of bioaerosols like coronavirus becomes more impor-
tant, and detailed methods are needed.'?

Computational fluid dynamics (CFD) models, as shown in
Fig. 6c, are detailed physical models with high fidelity and also
with high computational demands. The 3D scale-resolving
models are able to calculate the airflow field with high spatio-
temporal resolutions, and then the dispersion of pathogen
aerosols can be estimated based on the detailed flow field. Four
different open source CFD softwares, PALM, OpenFOAM,
NS3dLab, and fire dynamics simulator (FDS), have been applied
to investigate the SARS-CoV-2 exposure levels in generic public
places, enclosed/semi-enclosed restaurants, airplanes, negative-
pressure wards, as well as outdoor spaces.****2*"*2* CFD models

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Schematic diagrams for three types of numerical models for modeling-based respiratory bioaerosols exposure assessments. (a) Jet models were
utilized to evaluate the exposure of “close contact” by considering both the large droplets and small airborne droplet nuclei in the exhaled plume.
Reprinted with permission from ref. 115. Copyright (2015) Elsevier B.V. (b) Box models were generally utilized for estimating the airborne pathogen
exposure by assuming well-mixed contaminants and homogeneous concentrations in the enclosure space. Reprinted with permission from ref. 107.
Copyright (2021) Elsevier B.V. (c) Computational fluid dynamics (CFD) represents the 3D scale-resolving models, which can calculate the airflow field with
high temporal and spatial resolutions. The dispersion of pathogen-laden aerosols can be estimated based on the detailed flow field. Reprinted with

permission from ref. 114. Copyright (2020) Elsevier B.V.

are also used to investigate the transport of pathogen bioaerosol
in the respiratory airways, which could contribute to better
exposure assessment.’** In the CFD models, the Eulerian-
Lagrangian-coupled framework has been normally adopted
respectively for flow field (Eulerian method) and particle motion
(Lagrangian method). The effects of drag force, gravity, and lift
force on particle motion are considered in the Lagrangian
method to simulate discrete aerosol particles.

3.2 Dose-response analysis of airborne pathogens

The dose-response relationship depicts the possibility of infec-
tion or other outcomes of disease given the exposure to a
certain number of pathogens including virus and bacteria. It
is the indispensable component in risk assessment to link the
exposure level and infection risk. The ID5o, which refer to the
estimated number of pathogens required to produce infection
in 50% of normal adult humans, is given in Fig. 1. However,
there are still significant uncertainties in the dose-response
relationship for most airborne pathogens.'*!

3.2.1 Experimental studies based on animal models. Ethical
concerns limit the investigation of infection by challenging healthy

This journal is © The Royal Society of Chemistry 2023

volunteers, especially for pathogens with high mortality. As a
result, animal studies (e.g, mice, ferrets, and monkeys) are usually
conducted to investigate the infectious dose. Animal models are
developed by transgenic methods to express the human receptor
for pathogens and to simulate the infection of humans.
Recently, twelve 10-month-old ferrets and fifty hamsters were
inoculated by the intranasal route with a low viral dose of SARS-
CoV-2 (2 x 10® PFU for ferrets and 1.8 x 10° PFU for hamsters),
which was considered close to the common infection conditions
in humans.”®* Three ferrets had lethargy on days 7 and 8 post-
infection. On days 2 and 4 post-infection, viral RNA was found in
the trachea from 2 out of 3 ferrets, but no viral RNA was detected
in the lung. Viral RNA was observed in the trachea and lung from
3 out of 3 hamsters. The low challenge dose induced consistent
lung infection for hamsters but not for ferrets. In another study,
six ferrets were intranasally inoculated with a high viral dose of
10>° TCIDs, (i.e., the 50% tissue culture infectious dose).'*?
Increased body temperature was observed in all of the ferrets
on day 4 after the inoculation, and viral RNA was found in the
lungs of all the six ferrets. A high intranasal infection dose might
be required to induce lung infection for ferrets. Intratracheal
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from 10> to 10~ Various input parameters, such as the airborne
pathogen emission rate, ventilation, room volume, and infection
doses, are required for risk characterization. However, there might
be significant uncertainties and debatable assumptions in the
input data, especially for emerging pathogens.

Probabilistic risk assessment is usually adopted to quantify
the uncertainties in the risk assessment and to investigate the
sensitivities of the results to the input parameters. One case
study for the Wuhan South China Seafood Market integrated
the key processes, e.g., pathogen shedding, dispersion, deposi-
tion in air, biological decay, lung deposition, and dose-response
relation, to assess the infection risk via the aerosol route.**®
Monte Carlo simulations were performed to consider the uncer-
tainties in viral shedding, biological decay, and the dose-
response parameters. Viral shedding was assumed to be between
1 and 10° PFU per h, and 4.1 x 10® PFU was adopted as the dose
(one quantum) to cause infection in 63% of susceptible people
based on the data for the infection of transgenic mice suscep-
tible to SARS-CoV.''® Median viral shedding (10" PFU per h)
was equivalent to about 8 x 10~ quanta per h. A box model was
utilized to evaluate the exposure. The results indicated that the
inflection risk after 1 h of exposure with one infected person in
the market was about 2.23 x 107> (95% confidence interval:
1.90 x 10~ ° to 2.34 x 10~ %). The difference between the upper
and lower bounds of the 95% confidence interval of the esti-
mated risk was about 2 orders of magnitude, indicating signifi-
cant uncertainties in the assessment due to the limited and
uncertain information on SARS-CoV-2. Monte Carlo uncertainty
analysis suggested that dose-response model, viral shedding,
and biological decay contributed about 56.8%, 34.5%, and 8.7%,
respectively, to the final uncertainty.

The infection risks in four different typical scenarios,
i.e., hospital room, gym, public indoor environments (e.g.
restaurant and bank), and conference room or auditorium,
were investigated.'®® The median viral shedding rates were
assumed to range from the lowest level of 3.7 x 10! quanta
per h from a patient at rest in a hospital room to the highest
level of 32 quanta per h from a speaking or singing person in a
conference room or auditorium. One quantum was assumed to
be 2.1 x 10 PFU. The exposure was estimated by a box model.
The median infection risk induced by aerosol transmission with 1
h-exposure was estimated to be from 107> to 10~% In another
study, the magnitude of the estimated median infection risks due
to aerosol transmission of SARS-CoV-2 ranged from 10> to 10™*
depending on room sizes and ventilation rates."®” A detailed
theoretical model estimated the risk for indoor airborne transmis-
sion as about 10~ to 10~ % with 1 h exposure and without a
mask.'*?

Quantitative infection risk assessment based on detailed
exposure evaluation using computational fluid dynamics methods
was also conducted. It was estimated that the infection risk was
from 102 to 10~ * for 1 h exposure in typical indoor scenarios with
superspreading events, including a call center in Korea and buses
in Ningbo and Hunan, China."*® Wells-Riley model is another
widely used method for the risk assessment of airborne patho-
gens. The Wells-Riley equation was originally developed for the
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epidemiological study on a measles outbreak."** The Wells-Riley
model directly combines the stable state from the box model and
the one-hit exponential dose-response model, e.g., the dose-
response model developed for SARS-CoV.'’° The comparison
between Wells-Riley model and the CFD risk assessment has
been conducted for indoor spaces.'**

The various risk levels obtained in different studies were
mainly caused by the diverse adopted viral shedding rates
and dose-response relations, which suggests that these two
factors are the dominant contributors to the uncertainties of
modelling-based risk assessment.

3.3.2 Community risk assessment of airborne pathogens.
The susceptible-exposed-infectious-recovered (SEIR) model has
been widely utilized to investigate the community infection
risk.'"*® In the SEIR model, the total (initial) population is categor-
ized into four classes, i.e., susceptible, exposed, infected-infectious,
and recovered, and the number of population in each class evolves
with time. The SEIR models have been adopted to evaluate the
effectiveness of different intervention measures.’****” The prob-
ability of disease transmission per contact is a key parameter in the
SEIR model. The exposure assessment and dose-response relations
could be applied to better quantify the probability and improve the
performance of SEIR models for community risk assessment.

Modeling-based indirect risk assessment of airborne patho-
gen transmission has some apparent disadvantages that need
to be considered. One drawback is that it relies heavily on
assumptions, which may not always accurately reflect the real-
world conditions. The models are based on limited data and
may not capture all the complexities of the transmission
dynamics. Another disadvantage is that the models may not
account for individual variability in susceptibility and behavior,
which can have a significant impact on the transmission risk.

The direct risk exposure quantification approaches by lever-
aging on-site biosensing device is an essential and promising
tool for infection risk assessment because it allows for a more
accurate and precise estimation of the likelihood of pathogen
transmission and infection. This method involves quantifying
the number of contagious pathogens present in a given ambient
environment as well as the duration and intensity of exposure.
By taking into account these factors, on-site airborne pathogen
detection and direct bioaerosol exposure quantification method
can provide a more realistic assessment for airborne pathogen
transmission than other methods that rely solely on qualitative
observations or assumptions.

In the following three sections, we will focus on introducing
the emerging on-site bioaerosols sensing technologies, which
will allow for targeted and more effective interventions to
reduce the risk of airborne pathogen transmission.

4 On-site airborne pathogens
sampling strategies
On-site bioaerosols detection with high spatiotemporal resolution

can be a more direct approach to characterize the transmission
of airborne pathogens. Notably, an efficient and fast airborne
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pathogen sampling strategy is the first and crucial step. The
bioaerosols should be collected at the interface between the
exposure medium (indoor air) and the individual (the breathing
zone). The aerosol properties, such as the aerodynamic size and
pathogen decay, as well as the impact of specific sampling
approaches including loss and damages should be fully consid-
ered. For instance, a very wide size range (0-100 pm) of pathogen-
laden aerosols can be inhaled and deposit onto different sites of
the respiratory tract, as shown in Fig. 5.*® Bioaerosols larger than
5 um are mainly deposited in the nasopharyngeal region, while
smaller aerosols could penetrate deeper into the lungs and
deposit in the bronchiolar and alveolar regions."*® Moreover,
Brownian motion further facilitates the diffusion of nanoscale
aerosols or single virus particles (ca. 100 nm) and leads to high
infectivity in the lower respiratory tract. Therefore, the aerosol
sampling devices should have high collection efficiency in a wide
size range to avoid the underestimation of airborne infection risk.
In addition, there may be structural and biomolecular damages of
airborne pathogens during the sampling process. This may lead
to inappropriate results in subsequent quantitative analysis. In
this section, we will fully evaluate these aspects in rapid airborne
pathogen sampling and demonstrate recent advances that benefit
effective on-site airborne pathogen quantification.

Ideally, the criteria for selecting an optimal aerosol sampling
system for on-site bioaerosol quantification depends on following
factors: (1) be fast and highly efficient, (2) cause less damage
to the recognition biomolecules (proteins or nucleic acids),
and (3) be easy-to-integrate for rapid subsequent bioanalytical
testing. We summarize the existing mainstream strategies of
pathogen-laden aerosols sampling and provide insights into
the advantages, potentials, and critical issues of different
technical routines. Regarding the three main technical require-
ments of the “ideal bioaerosol-sampler”, we also review some
emerging technologies proposed in recent years. Meanwhile,
the potential strategies to eliminate the pathogen loss and
damage during the sampling process are also discussed to
further benefit the future development.

4.1 Solid-phase bioaerosol sampling approaches

4.1.1 Filter-based sampling approaches. Filtration is one of
the most effective, robust, and commonly used strategies for
airborne pathogens collection (Fig. 7a). Through the rational
design of the filtration strategies, high sampling efficiency
(>99%) within a wide aerodynamic size range (0.1-100 pm)
can be achieved. Filter-based methods using PTFE filter and
gelatin filter have been widely used in collecting airborne
pathogens including virus and bacteria in different environ-
mental settings.'"'>°"'>? particularly, the airflow rate is one of
the important characteristics for on-site pathogen-laden aero-
sol collection. High airflow rate combined with superior sam-
pling efficiency could load more airborne viruses onto the filter,
therefore facilitating swift biosensing tests to provide detection
results with high spatiotemporal resolution for risk assessment
and determine the potential airborne pathogen transmission
route.>>"® By elevating the sampling flow to 150 L min~', the
positive detection rate of airborne SARS-CoV-2 in the inpatient
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ward environment was significantly improved (72%), while the
lower sampling flow rate (50 L min ") resulted in more negative
detection results in similar hospital air settings. As a robust
filtration matrix, PTFE filter is resistant to longer sampling
periods and higher flow rate compared to fragile filters."*?
However, the use of filtration methods for bioaerosols collec-
tion could lead to dehydration, which deactivates the collected
pathogens and potentially damages the functional biomolecu-
lar structure. Boosting the flow rate could also seriously exacer-
bate this disruption and significantly affect pathogen viability
and integrity. Therefore, the losses need to be considered when
analyzing the bioaerosol content on the filter. For instance,
pathogen integrity-based assays, which rely on the structure or
functionality of an intact virus or bacteria, are not suitable for
analyzing filter-collected samples. In contrast, integrity does
not have to be a predominant focus for biomolecular-based
approaches, such as viral RNA or bacteria DNA quantification,
as these analytes can still be detected even after the loss of their
viability.

The elution of airborne virus from the filter is another key
factor that may impact the accuracy of subsequent quantitative
detection. Significant losses in bioaerosol elution and extraction
from filter substrates may result in a false negative detection
result.>* The water-dissolvable filter material can mitigate this
inconvenience and achieve rapid liquid sample preparation for
subsequent biochemical analysis. As a prominent candidate,
dissolvable gelatin filter can significantly reduce bioaerosol
damage and losses by exempting the sample elution and extrac-
tion processes. The physical collection efficiency of a gelatin
filter for submicron bioaerosols is given in Fig. 7g. Similarly, a
water-soluble and sponge-like chitosan hydrochloride (CSH)
membrane with a heterogeneous micro-nano porous structure
(0.12 to 3 um) was developed for sampling airborne SARS-CoV-2
recently. This CSH membrane is more cost-effective and could
dissolve readily in water quickly (ca. within 2 min) after bioaer-
osol sampling.*°

A miniaturized filtration sampler equipped with a water-
dissolvable filter could be a straightforward strategy to collect
airborne pathogens on-site. Currently, the filtration-based sam-
pling approaches were commonly incorporated with a nucleic
acid detection technique, and its preservation performance for
other functional biomolecules (antigenic epitopes) still needs
further validation. In addition, the durability and robustness of
water-soluble filters for airborne pathogen collection is a concern
as environmental factors can directly impact the filtration
efficiency.’® For instance, high RH can damage the water-
dissolvable filters, while high temperatures can accelerate the
melting of the filter structure. One study demonstrated that a
stable high collection efficiency of gelatin filter was only sustained
for 9 min at 2 L min~" flow rate before filter degradation.'*®

4.1.2 Impactor-based sampling approaches. Based on the
inertia effect, pathogen-laden aerosols can also be collected by
an impactor. When the carrier airflow is sharply curved, the
aerosols cannot follow the air streamline but travel continu-
ously in the original direction (Fig. 7b). The impaction surface,
which may contain a trapping medium, could bind or capture
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physical collection efficiency of (g) the gelatin filter (with airflow rate varied form 2 L min~ to 4 L min™Y), (h) electrostatic precipitator with airflow rate
changed from 1.3 L min~ to 12.5 L min~%, and (i) liquid impinger (BioSampler, commercially available product at SKC, Inc.) with constant airflow rate at
12.5 L min~L. (j) An integrated aerosol-to-hydrosol sampling approach with hygroscopic growth-assisted impinger for achieving high sampling efficiency
for submicron-scale bioaerosols. (k) Improved aerosol sampling efficiency for nanoscale aerosol particles of 50-550 nm at elevated hygroscopic growth
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Chemical Society. (j)—(1): reprinted with permission from ref. 20. Copyright (2022) Wiley.

these inertial aerosols and achieve surface enrichment in the
sampling medium.'®® The impaction efficiency for aerosols
heavily depends on the physical properties of airborne particles
(e.g., diameter and density) as well as the velocity of driving
airflow. One of the main advantages of using impactor-based
sampler is its capability to separately collect bioaerosols with
different size fractions.*® By tuning the inlet nozzle diameter,
a series of sampling stages in a cascade impactor could be
connected in sequence, and each plate has a gradually
decreased nozzle dimension. Airflow passing through a smaller
nozzle has a higher velocity, therefore allowing smaller aerosol
particles to be collected. Recently, the cascade impactor was
utilized to investigate the SARS-CoV-2 virus concentrations
and distributions in different size-groups, e.g., large (>10 pm),

This journal is © The Royal Society of Chemistry 2023

coarse (2.5-10 pm), and fine (<2.5 pm) aerosols."**'*” O

comparative study also demonstrated a low SARS-CoV-2 infec-
tivity loss over half-hour sampling using a cascade impactor,
which indicated the potential for effectively collecting intact
and viable pathogens.*® Due to the nature of inertial impaction,
the sampling efficiency is typically high for large and dense
bioaerosols but insufficient for nanoscale bioaerosols. There-
fore, impactor-based sampling approaches are mainly used for
collecting aerosols larger than 0.5 um.

As mentioned in Section 2, nanoscale bioaerosols have a
long suspension lifetime. Due to its stronger Brownian motion
and potential to penetrate into the lower respiratory tract,
smaller aerosols are a non-negligible part of on-site airborne
pathogen detection and risk assessment. Although the collection

ne
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efficiency toward small-sized bioaerosols can be theoretically
improved by reducing the nozzle inlet diameter, this approach
also brings associated problems."*® For instance, extremely small
nozzle and high flow velocity could induce sonic airflow and shear
stress, thereby destroying the pathogens. When utilizing a cascade
impactor, there are also considerable target losses in the bioaer-
osol elution and transfer at each sample stage.

4.1.3 Cyclone-based sampling approaches. Centrifugal
force is utilized in cyclone-based sample techniques to deflect
inertial aerosols from the airflow and achieve effective airborne
pathogens collection (Fig. 7c). Ambient air is typically pumped
into a conical-shaped sampler through a tangential inlet. Due
to the centrifugal effect and particle inertia, the aerosols rotating
through a passage could deposit on the inner surface of the
conical-shape sampler. The sampling efficiency can be optimized
by changing the physical characteristics such as the cyclone
height, body diameter, inlet/outlet size, and flow velocity.">*™*>
For instance, an increased cyclone body height could elevate the
aerosols residence time and improve the collection efficiency.'**
Since this method also relies on the inertia of target aerosols,
cyclone is also more efficient to collect larger particles with higher
densities."®® Though raising the flow velocity can increase the
overall performance, the collection efficiency of submicron bioaer-
osols is still poor.’®® Cyclone-based samplers have been widely
employed in the collection of airborne pathogens due to their
portability and simplicity of liquid elution and transfer. A wear-
able multi-stage cyclone bioaerosol sampler has been used for the
collection of airborne viruses in the patient wards.** Bioaerosols
with diameter of 1-4 pm and >4 pm can also be simultaneously
collected using a commercially available cyclone sampler (i.e., TE-
BC251, Tisch Environmental Inc.), and the pathogen sequences
have been successfully collected and detected in both size-
groups.'® A high volume (400 L min~") cyclone sampler was also
integrated with a medical robot for the smart sampling of air-
borne pathogens.'® This cyclone-based sampler demonstrated
a physical collection efficiency of >90% for bioaerosols larger
than 1 um, and the cutoff size of sampling ds, was determined to
be 0.58 um.

Despite the advantages of miniaturization and ease-of-
integration, the low collection efficiency for submicron bioaer-
osols may lead to a significant underestimation of the quanti-
fication of airborne pathogens, especially the viral particles and
submicron-scale bacteria. A previous study has indicated that
more than half of the viruses cannot be efficiently collected by
cyclone-based samplers.'®* Therefore, in addition to the impact
of external environmental factors, negative test results may
potentially be caused by the low sampling efficiency of airborne
pathogens.'®

4.1.4 Electrostatic-based sampling approaches. Electrostatic
sampling techniques, as shown in Fig. 7d, rely on the mutual
attraction between highly charged airborne particles and a
collecting electrode of opposite polarity.'***®” The incoming
aerosols are commonly charged by a corona discharge in case
they carry insufficient electric charge for efficient sampling. The
advantages of the electrostatic sampling approaches for airborne
pathogen collection include easy-to-miniaturize for portable
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applications (<1.0 kg and battery powered), high collection
efficiencies (>90% for aerosols larger than 1 pum), wide volu-
metric flowrates (1 to 1000 L min ™), wide sampling size range
(0.5-200 pm), and low pressure drops during operation,*¢%168717°
Ultra-high collection efficiencies (99.3-99.8%) can be achieved
when using a low flow rate (1.2 L min™") at —10 kV applied
voltage (Fig. 7h), while it could dramatically reduce to <50%
for submicron bioaerosols when elevating the flow rate to
12.5 L min~ """ As a ‘gentle’ sampling approach, the maximum
bioaerosol traveling velocity is several orders of magnitude lower
than that in the impaction- or filtration-based approaches."”*
Additionally, electrostatic-based samplers allow for point-of-care
implementation to capture aerosol from litres of air directly onto
a lab-on-chip microfluidic device for subsequent analysis.'®”
Recently, electrostatic-based samplers have also been deployed
to collect airborne SARS-CoV-2 in different indoor environments
such as food court, train station, and office room. Downstream
molecule biology tests reported airborne virus concentrations
ranging from 60 copies per m® to 7.8 x 10 copies per m*."”*

It is worth noting that airborne pathogens may suffer a
considerable loss in viability after the electrostatic-based col-
lection, as illustrated in Fig. 8a, dominantly due to the biomo-
lecular charging during the sampling process involving high
voltage."”® The recent studies indicated that the antigenicity
losses of pathogen surface protein can be caused by reactive oxygen
species (ROS) and reactive nitrogen species (RNS) upon exposure to
a strong electrostatic field, such as H,0, via lipid oxidation-derived
radicals and 'O, via direct protein peroxidation.'””* It was found
that more than 90% membrane proteins of airborne virus lose
antigenicity after 10 min of electrostatic sampling when using an
applied voltage of —5 kV and a 1.2 L min™ " airflow rate (Fig. 8b)."”
The oxidation mechanism of an alpha-amino acid, Tryptophan
with '0,, was illustrated in Fig. 8c."””> Additionally, the low sam-
pling efficiency for the submicron scale aerosols should also be
considered, especially for high volumetric flow rate. For instance, a
filter-based sampling device proved more successful in sampling
detectable pathogen-laden aerosols than an electrostatic-based
sampling system for airborne human coronavirus (CoHKU1) from
patient exhalation.'”®

4.2 Liquid phase sampling approaches

Biomolecule recognition, such as protein-epitope interaction and
nucleic acid hybridization, are crucial for airborne pathogen
detection. However, these recognitions can be affected by changes
in the environment, such as temperature, pH, and humidity. Dry
conditions, in particular, can exert a significant impact on bio-
molecules, leading to alterations to their structural conformation
and functional properties. Therefore, liquid-phase sampling
approaches, which directly achieve aerosol-to-hydrosol collection,
are often favored for the on-site detection of airborne pathogens.

4.2.1 Virus-into-liquid modification of solid-phase sam-
plers. There are two obvious problems with solid-phase sam-
pling methods for on-site airborne pathogen detection (Fig. 9).
Firstly, bioaerosols elution and liquid sample transfer after
collection may lead to the loss of the target pathogens, thereby
affecting the accuracy of downstream analysis. The second one

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 (a) Potential chemical damages to the electrostatic collected airborne pathogens. The reactive oxygen species (ROS) and reactive nitrogen

species (RNS) generated by the electrostatic filed may cause protein oxidation, lipid peroxidation, and nucleic acids (NA) oxidation, thereby impacting the
subsequent quantitative chemical analysis. (b) The antigenicity loss of pathogen membrane proteins when employing electrostatic fields to collect
bioaerosols. More than 90% membrane proteins lost the antigenicity after 10 min of electrostatic air sampling, while >99% with application time of
60 min. The generation of 'O, could be the major cause of this high antigenicity loss. Reprinted with permission from ref. 17. Copyright (2020) American
Chemical Society. (c) Potential oxidation mechanism of an alpha-amino acid, Tryptophan with 10,. Reprinted with permission from ref. 175. Copyright

(2009) Elsevier B.V.

is about the biological damage and inactivation during the dry
deposition process, particularly for collecting viable contagious
pathogens. Desiccation and dehydration may reduce the patho-
gen viability and the biological integrity, which could hinder
downstream detection and risk assessment.

To address these shortcomings, a convenient approach is to
carry out aerosol-to-hydrosol modification of the conventional
solid phase sampling techniques including impactor, cyclone,
and electrostatics samplers. The liquid collection medium,

Damages to collected airborne pathgoens

=
=

0% 50% 100%

Sampling efficiency

Wet Scrubber

Physical damages

Chemical damages
Electrostatic

Fig. 9 Typical bioaerosols sampling techniques used in transmission risk
assessments are arranged according to their physical/chemical damages
and sampling efficiencies to airborne pathogens.
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instead of a solid deposition interface, helps maintain the
viability and integrity of the virus. Direct collection and enrich-
ment from aerosols to hydrosols for on-site airborne pathogen
detection might enhance the preservation and make it easier
for the following downstream bioanalytical system to accom-
plish near-real-time detection. This direct aerosol-to-hydrosol
sampling method not only eliminates the time consumption
for sample preparation such as bioaerosol elution and transfer
but also avoids target losses within this pre-treatment process.
The aerosol-to-hydrosol sampling approaches such as the
virtual impactor with a liquid transfer stage, wetted-wall
cyclone concentrator, and liquid-phase electrostatic sampler
have been adapted to collect airborne pathogens in recent
years."”” For instance, a liquid transfer stage has been utilized
to replace the impaction receiver in the aerosol-to-hydrosol
impactor, allowing bioaerosols to be directly collected from
the airflow into the liquid flow."”® This virtual impactor was
used to sample airborne pathogens in the hospital environ-
ments, and the bioaerosols can be directly collected into the
sterile PBS buffer solution for downstream analysis.'”®
Wetted-wall cyclone concentrators utilize water spray to wet the
internal surface of the conical-shaped cyclone body and directly
collect aerosols into a small amount of aspirated water buffer.'®* In
one pioneering study, a wetted-wall cyclone was deployed to collect
SARS-CoV-2 aerosols in hospital wards and successfully facilitated
the downstream tests to estimate the aerodynamic distribution
and transmission distance (~4 m) of virus-laden aerosols.'*°
Additionally, the aerosol-to-hydrosol concept can also be
adapted to electrostatic-based sampling approaches by replacing
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the solid-state deposition surface with a continuously flowing
liquid. For instance, a high-flowrate electrostatic sampler (HAFES)
was proposed to collect various types of airborne pathogens
including human coronavirus 229E, influenza A virus subtypes
HIN1 and H3N2, and bacteriophage MS2.'®® Apart from the
discharge electrode, a thin layer of pathogen lysis buffer was
utilized as a collection electrode within the system. The collection
efficiency can be optimized to reach about 88% for human HCoV-
229E coronaviruses. In another liquid electrostatic sampling sys-
tem, approximately 80% of SAR-CoV-2 virus-laden aerosols ranging
from 100 nm to 5.0 um can be collected with an airflow rate of
40 L min~"."”? To further improve the stability and integrity of the
collected airborne pathogens, the chemical compositions of the
sampling liquid could be further optimized. For instance, protec-
tive agents like ascorbic acid (AA), sodium azide, and uric acid can
be added to the PBS sampling liquid reservoir to mitigate the
inevitably damage caused by the generated ROS and RNS from
electrostatic precipitation (Fig. 8)."®' These protective agents can
reduce the biomolecular damage by preventing the formation of
toxic compounds such as H,0,, '0,, and ONOOH produced by
corona discharging process.'”?

The conventional approach for aerosol-to-hydrosol sampling
involves the utilization of water or other liquids with low
viscosity as the medium for collection. Hence, the evaporation
issue at the “dry-to-wet” interface can also have an impact on
the performance of sampling. This issue not only restricts the
overall sampling duration to shorter time periods but also
impacts the efficiency of sampling and the viability of patho-
gens. The non-evaporating and higher viscosity liquids, such as
glycerol and heavy white mineral oil, have been proposed to
sample airborne bacteria and fungi for several hours.'®> For
downstream biosensing, a recent study has demonstrated that
additive glycerol promoted the detection of African swine
fever virus (ASFV) and SARS-CoV-2 with one-pot recombinase
polymerase amplification (RPA)-CRISPR/Cas12a method and a
smartphone-equipped device.'®® During the initial phase of the
RPA reaction, the viscosity of glycerol led to the phase separation
of the RPA and CRISPR/Cas12a system, which increased the
detection efficiency. Nevertheless, the detection effectiveness in
different liquid environments containing glycerol may require
further validation for specific biosensing technologies, including
the selective recognition between different biomolecules.

4.2.2 Liquid impinger-based sampler. As one of the repre-
sentative aerosol-to-hydrosol collection approaches (Fig. 7e),
liquid impinger-based samplers, such as the all-glass impingers
(AGIs), midget impingers, and SKC BioSampler, have been
widely used for collecting airborne pathogens including bacteria
and viruses.'®*'®® In an liquid impingement system, the air-
borne particles are transported and accelerated to high velocity
through a circular or rectangular nozzle and then expected to
impact into a collection liquid through inertia. By leveraging the
aerosol-to-hydrosol approach, liquid impinger-based samplers
could improve the viability and retention of the airborne patho-
gens. Meanwhile, the high-speed airstream creates a high degree
of turbulence and stimulates the formation of bubbles inside the
sampling liquid, which could increase the collection efficiency
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for tiny bioaerosols (Fig. 9). However, the formation of air
bubbles may also exacerbate re-aerosolization, thereby losing
the retained bioaerosols.

As a representative of the swirling aerosol collector, the
commercial SKC BioSampler provides an improved performance
on reducing the reaerosolization.'®® It works by projecting air-
borne particles into the sampling liquid in a swirling motion
through three micrometer-scale tangential nozzles. This sampling
process combines impaction and centrifugation and therefore
provides an improved sampling efficiency and minimizes re-
aerosolization compared to conventional liquid impaction
approaches."®®'®” The sonic airstream velocity enables this
aerosol-to-hydrosol method to have improved collection efficiency
for submicron bioaerosols with a cutoff size of about 300 nm.'®
A recent research has directly compared the BioSampler perfor-
mance to those of the PTFE and gelatin filter sampler, midget
sampler, cyclone sampler, and Sioutas impactor.®® Particularly
noteworthy was that the swirling aerosol samplers demonstrated
the U-shape sampling effectiveness curve in collecting nanoscale
aerosols, as shown in Fig. 7i."> The lowest sampling efficiency
was found to be located at the diameter range of 30-100 nm
(penetrating window), while a high efficiency of >90% was
observed at 10 nm due to the enhanced Brownian diffusion inside
the swirling sampler.'*>'%%'%% Additionally, the inlet design of all-
glass impinger (AGI) and BioSampler, which mimic the human
upper respiratory tract, could lead to a low inlet efficiency of about
80% for aerosols larger than 5 um.'*° Therefore, these effects,
including the size-dependent inlet efficiency and sampling effi-
ciency, must be taken into account when conducting the on-site
sampling-to-biosensing-based infection risk assessment. A more
precise estimate of the airborne pathogen concentration can be
obtained by considering the size-fractionated airborne pathogen
distribution.

4.2.3 Miniaturized wet scrubber-based methods. An alterna-
tive aerosol-to-hydrosol approach to collect airborne pathogens is
based on the liquid droplet sprays and wet scrubbers.'®" The wet-
scrubber-based sampling approach collects aerosols via direct
scavenging with liquid droplets. This approach combines multiple
sampling mechanisms including the turbulent diffusion, inertial
impaction, interception, and gravitation to achieve the effective
collection of airborne particles."*>'** During the sampling, bioaer-
osols collide and merge with liquid droplets through coalescence.
In conventional industrial wet-scrubbers, liquid droplets generated
by pressurized nozzles cannot efficiently collect airborne particles
with diameter less than several micrometers. Additionally, the
collection liquid volume is generally large, and the airborne virus
particle cannot be beneficially concentrated for downstream ana-
lysis. To tackle these issues, many novel strategies have been
applied to modify the wet scrubbing-based collector, including
twin fluid atomization, droplet charging, high-pressure spray, and
ultrasonic microdroplet generation."** % Recently, a portable and
battery powered wet-scrubber device was developed for collecting
airborne pathogens.'®! This device generated a mist of 4 um liquid
droplets in a non-linear flowing path. By combining the impaction,
diffusion, interception, centrifugation, and liquid scavenging
effect, this miniaturized aerosol-to-hydrosol scrubber device
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demonstrated an improved sampling efficiency and viable patho-
gens preservation for rapid downstream analysis.

Despite an improved bioaerosol sampling performance, the
wet scrubber still demonstrated a lower collection efficiency for
nanoscale bioaerosols compared with other high-efficiency
sampling approaches. To prevent false-negative results and
underestimation of the transmission risk of airborne patho-
gens, practical on-site pathogen-laden aerosol quantification
still needs a lengthy sampling period and improved efficiency
for small bioaerosols.

4.3 Microfluidic-based miniaturized sampling system

With the rapid developments and advancements in microfabrica-
tion technologies, microfluidic-based bioaerosol samplers have
offered a promising avenue for swift airborne pathogens collec-
tion and rapid subsequent detection."”””**>°> Compared to the
conventional sampling approaches, microfluidic chips with
miniaturized physical structural design have shown the advan-
tages of low cost, fast response, automation, and compatibility for
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fast on-site bioanalysis.”®® As shown in Fig. 10a, interception,
turbulent diffusion, inertial impaction, centrifugation, liquid
impingement, and electrostatic precipitations are still the leading
principles used by the microfluidic platforms for pathogen-laden
aerosol sampling,'®7~200:20%204

For instance, based on the principle of Greenburg-Smith
impingement sampler, a miniaturized micro-bubbler has been
developed for gas-particle mixing, bubble release, and aerosol-
to-hydrosol sampling (Fig. 10d)."®® In order to ensure stable
micro-bubble generation and high collection efficiency, the
inner surface of microchannel and micro-pillar array was
coated with hydrophobic Teflon layer. The proposed micro-
impinger was able to collect and concentrate the aerosol
particles into a much smaller solution volume (250 pL) with a
gentle airflow rate (10-20 mL min~ ') when compared to the
conventional impingement collector. For bioaerosols larger
than 0.5 um, the micro-impinger achieved a satisfactory collec-
tion efficiency of >95%. However, further investigation is still
needed to fully understand the sampling performance toward
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(a) Schematic illustration of miniaturized physical structural design for pathogen-laden aerosol collection. The main collection principles include

interception, turbulent diffusion, inertial impaction, centrifugation, liquid impingement, and electrostatic precipitation. (b) /n situ growing carbon
nanotube array in a microfluidic system for efficient bacteria and virus collection and enrichment. Reprinted with permission from ref. 218. Copyright
(2016) American Association for the Advancement of Science. (c) Herringbone structure design in a double spiral microfluidic channel to enhance
flow turbulence and bioaerosols collection efficiency. Reprinted with permission from ref. 197. Copyright (2016) American Chemical Society. (d) A
microfluidic-based and on-chip aerosol-to-hydrosol bubbler for airborne pathogens collection. Reprinted with permission from ref. 199. Copyright
(2016) the Royal Society of Chemistry. (e) Microfluidic-based swirling impinger for continuous bioaerosol sampling. Reprinted with permission from ref.
200. Copyright (2017) American Chemical Society. (f) Continuous microfluidic separator using inertial effect to concentrate airborne virus and bacteria.
Reprinted with permission from ref. 205. Copyright (2015) the Royal Society of Chemistry.
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nanoscale bioaerosols, such as a single airborne virus particle,
as shown in Fig. 1.

In addition, airborne particles can also be collected in micro-
fluidics by leveraging the technique of centrifugation.**%***
Instead of direct solid-phase impaction on the channel, a two-
phase microfluidic system, which combined the sampling airflow
and sheath fluid, was developed to directly transfer the airborne
pathogens into liquid in a curved microchannel (Fig. 10e).>* This
micro-sampler was characterized using standard polystyrene latex
particles and bacterial aerosols ranging in size from 0.6 to 2.1 pm.
Under the optimal volumetric airflow rate of 0.6 L min~", more
than 80% of 0.65 um bioaerosols and 98% of 1 um bioaerosols
could be efficiently collected into the constant sheath fluid flow
(0.3 mL min~"). Moreover, the inertial and centrifugal forces can
be alternatively used for continuous aerosol size separation,
as shown in Fig. 10f. An inertial microfluidic aerosol sizer was
also proposed recently to separate target bioaerosols into three
size groups (e.g., <0.5 um, 1-2 um, and >3 pm).>*® Despite this
approach, it does not achieve a high enrichment efficiency for
bioaerosols by itself, it enables downstream sampling and bioa-
nalytical devices to acquire the size distribution of virus-laden
aerosols, much like the traditional multi-stage impactors. Apart
from inertia-based sampling, external deflection forces such as
electrostatic trapping forces have be utilized to precipitate or
manipulate airborne particles in a microfluidic system.'”%>%*

A unique feature of the microfluidic-based bioaerosol samplers
is that the trajectory of the aerosol can be regulated by changing
the internal geometry and shape of microfluidic channel so that
the airborne pathogens can be manipulated and collected in a
predetermined area or medium.>*® For instance, the herringbone
grooves located on the inner channel surface can induce the
micro-vortex and enhance the turbulent deposition of bioaerosols
at the inner surface of the microfluidic channel (Fig. 10c)."®” One
recent study proposed a 600 pm-wide flow channel with 130 pm-
deep herringbone grooves, which achieved 100% efficiency at
airflow rates of 2-4 mL min ' and 98% at 6 mL min ' for
collecting bacterial aerosols.

Compared with conventional pathogen-laden aerosol sampling
approaches, microfluidic-based samplers provide a number of
exceptional advantages. Miniaturized microfluidic samplers
obviously outperformed conventional samplers in terms of inte-
gration level, low power consumption, and post-processing sim-
plicity for on-site airborne pathogens quantification and real-time
risk assessment. However, there are also obvious issues and
challenges that require immediate attention. For instance, the
blockage of microfluidic channels can be a potential issue that
affects the performance and reliability of airborne pathogen and
bioaerosols sampling. Additionally, there is still room for improve-
ment in the effectiveness of collecting nanoscale bioaerosols,
particularly for the majority of airborne viruses with
diameters as small as 100 nm. Although the microfluidic-
based bioaerosol sample may enrich the bioaerosols into
a smaller volume of solution, the airflow rate is also
noticeably decreased compared to traditional approaches.
Therefore, it can be beneficial to use the effective sampling
enrichment capacity (ESEC) to assess the overall effectiveness
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of the sampling system, which is given by

ESEC = V aitflow * n

Viiquidfiow

where 7 is the sampling efficiency, Vaifiow iS the volumetric
airflow rate (in L min~") during sampling, and Viiquidfiow iS the
volumetric liquid flow rate (in L min~") of the collection
medium, or instead refers to the volume of static collection
medium per unit time (V/t, where ¢t is the sampling duration).
The ESEC values for some of the microfluidic-based and con-
ventional aerosol-to-hydrosol sampling approaches are given in
Table 2.

The concentrations of fully diluted airborne pathogens are
typically at an extremely low level compared to patient specimens.
For microfluidic-based sampling devices, which can handle only a
limited volume of air, it is difficult to collect sufficient number of
pathogens for downstream analysis even if a high ESEC value is
achieved. For instance, a microfluidic-based sampling system
with a limited air flowrate of 2 mL min~" may not be practical
for real-time and rapid pathogen quantification. Hence, it is
crucial to conduct further validation studies to assess the applic-
ability of a microfluidic-based sampling system regarding various
detection scenarios and types of airborne pathogens.

4.4 Practical strategies to improve the sampling efficiency

Based on the physical properties of the pathogen-laden aerosol
(see Section 2.3), a number of airborne pathogens, especially
virus and small size bacteria, can be carried by submicron
aerosols. Despite having a low mass content, nanoscale bioaer-
osols may be more prevalent and cause a non-negligible risk of
infection because of their capacity to traverse large distances
and deposit themselves directly on the low respiratory tract.
Consequently, it is essential to increase the sampling effective-
ness of collecting submicron-scale bioaerosols. This is particu-
larly true with microfluidic-based samplers, which have a poor
collection efficiency for bioaerosols smaller than 0.5 pm. Con-
densation growth-based approach, also known as the hygro-
scopic growth, and mixing-type bioaerosols amplification unit
(mBAU), is one of the most common and effective strategies to
improve the physical collection efficiency of submicron-scale
aerosols.**??” 2% Condensation growth approach, as shown in
Fig. 7f and j, is able to enlarge the aerosols to larger sizes
through hygroscopy so as to improve the sampling efficiency.
Generally, when solid bioaerosols pass through a supersatu-
rated steam chamber or laminar airflow tube, the water vaper
condenses into a liquid state and adheres to the aerosols.
Aerosol size enlargement can improve its inertia, allowing for
efficient collection by a following bioaerosol sampler. At pre-
sent, condensation growth approaches have been integrated
with many aerosols-to-hydrosol sampling methods, such as
liquid impingement and impaction (Fig. 7j-1).>°>?'° For
instance, the condensation growth approach can directly
improve the physical collection efficiency of swirling bioaerosol
sampler from 10% to 99% for 100 nm bioaerosols.”*® The
viability preservation of airborne MS2 bacteriophage was also
improved by 22 times compared to the bare commercialized
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Table 2 Effective sampling enrichment coefficient (ESEC) of conventional and microfluidic based aerosol-to-hydrosol sampling systems. Glossary: C.A.,

commercially available devices. u, microfluidic based sampling systems

Type Sampling system Airflow rate

Liquid flowrate or volume ESEC Ref.

1

C.A. BioSampler (SKC Inc.) 12.5 L min~

C.A. Wet cyclone (NIOSH-BC251) 2-10 L min~*

20 mL or 5 mL 125 (20 mL) or  “
2500 (5 mL)/min
15 mL and 1.5 mL in two stages 133-6667/min ¢

respectively

u Turbulent diffusion system 2-4 mL min~" with 100% efficiency Eluted with 100 pL TSB medium 20-60/min 198
6 mL min~" with 98.2%

u Interception 71 mL min~ ", (~100% efficiency) 5 pL lysis buffer 4733-6000/min 199

u Impingement 10-20 mL min~" (94-100%) (into ~250 pL) 40-80/min 200

u Centrifugation 0.6 L min " (>80% for 650 nm; >98% for >1 pm) 0.3 mL min " 2000 201

i Electrostatic system 1 4-10 L min™" into 50 pL min~" 80000 202

u Electrostatic system 2 > 10 L min ', 40% (—80%) efficiency with —1.8 kV 0.48 mL min " 20833 (x40%) 203
charging and —7 kV collecting voltage

u Electrostatic system 3 1.2 L min™" 0.5 mL 2400/min 25

i Wet cyclone 960 L h™*, (with 99.5% efficiency for 300 nm 04mLh! 2.4 x 10° 181

aerosols)

“ Indicated data from the manufacturer for a commercially available aerosol-to-hydrosol sampling device.

BioSampler. The condensation-based bioaerosols sampler have
also been deployed for collecting airborne virus in different
patient environments.”'* Taking advantage of the gentle aerosol-
to-hydrosol sampling process and condensation-induced high
sampling efficiency, viable viruses in concentrations ranging from
6 to 74 TCIDs, units per L have been successfully identified in
patient wards.”""

In addition, the condensation growth device has also been
miniaturized into a portable microfluidic system by harnessing 3D
printing, photolithography, and passive cooling techniques.**>*"?
Compared to the conventional bench-top devices, hygroscopic
systems were not only far more compact, affordable, and
power-efficient but also demonstrated remarkable performance
in facilitating the optical detection of bioaerosols down to
10 nm. By integrating with microfluidic-based samplers, as
reviewed in Section 4.3, these micro-condensation aerosol
sampling systems may be able to provide excellent sampling
efficiencies over a broad aerodynamic size range from 10 nm to
100 um, thereby offering solid support for on-site airborne
pathogens detection and accurate risk assessment.

4.5 Fast bioaerosol pre-treatment strategies

The obtained aerosol samples may include a wide range of
complicated chemical and biological components dispersed in
the air. During the bioaerosols treatment, these compounds may
impact the integrity of the collected airborne pathogens and make
it challenging to identify them later using bioanalytical methods.
For instance, after being enriched in the sampler, metal ions and
ROS in the air may have an impact on the biomolecular structure
and hasten the breakdown of whole pathogens or its particular
recognition sites (such as proteins and nucleic acids). This might
lead to inaccurately low airborne pathogen concentration read-
ings or false negative findings.>'*?'*> Additionally, in some public
areas, the concentrations of a particular type of pathogen floating
in the air may be quite low. However, prolonged exposure in such
environments may still result in a cumulative intake of pathogens
or bioaerosols at a minimum infectious dose. Since the majority
of biosensing systems for pathogens or bioaerosols detection

This journal is © The Royal Society of Chemistry 2023

possess a ‘non-zero’ detection threshold (i.e., the limit of detec-
tion, LoD), negative results might not completely rule out the
potential of infection and health impact. Target selective-
enrichment and preconcentration prior to quantitative bioanaly-
sis may greatly benefit on-site biosensing detections and boost the
accuracy of on-site risk assessment. In this section, pre-treatment
strategies including impurity removal, selective target enrich-
ment, and effective to-be-tested sample delivery for downstream
biosensing are reviewed and discussed.

Based on the physicochemical characteristics of airborne
pathogens, various technologies that leverage physical separation
and affinity-based extraction methods can be applied to purify the
target bioaerosols."”®*'**'” Considering the necessity of fast
processing for on-site bioaerosols detection, we place an emphasis
on rapid enrichment systems that can be miniaturized rather
than large and resource-intensive bench-top equipment. Recently,
a 3D porous microfluidic system with a robust array of aligned
carbon nanotubes (CNTs) was proposed for virus purification in
field samples (Fig. 10b).>'® This CNT array growing on the side
wall of a microfluidic device can be engineered with a tunable
inter-tubular distance ranging from 17 to 25 nm.*'® Based on
the principle of physical separation, this method could not only
enrich viruses by at least 100-fold but also eliminate environmental
contaminants to facilitate direct virus detection in a subsequent
step. Using a stamping technique to pattern Fe catalytic particles
(CNT grow-seeds), the nitrogen-doped CNT array can be further
patterned into a herringbone structure to enhance the mixing of
the sample inside the microfluidic channel through the chaotic
flow.*"® In addition, the stamping method was able to pattern Fe
catalytic particles with a density gradient, resulting in the formation
of multiple herringbone CNT zones with different physical inter-
tubular distances ranging from 22 to 720 nm. The integration of
CNT array zones with varying inter-tubular distances can be used
not only to enrich a broader spectrum of airborne particles but also
to purify bioaerosols of different sizes on the same device and
facilitate size-resolved pathogen biosensing.

In contrast to physical separation, affinity-based enrichment
techniques (e.g., solid-phase extraction and hydrogel protein
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purification) target specific pathogen recognition sites, such as
nucleic acids or proteins.>?°>*> Recently, an affinity-based
microfluidic centrifugal device was developed for enriching viral
RNA into a detection-ready sample.??° This centrifugal micro-
fluidic device leveraged the magnetic virus-affinity particles to
isolate intact pathogen sequences through multiple lab-on-chip
processes including magnetic manipulation, affinity binding,
flushing, and RNA elution. This integrated microdevice can
rapidly remove complex matrices from the field aerosol-to-
hydrosol samples within 15 min. Moreover, chemically modified
polymers, such as hydrogels with affinity baits, can be used to
purify and enrich pathogens via interactions with target
proteins.?*'?** Recently, affinity-based hydrogel nanoparticles
(Nanotrap) have been used to swiftly enrich SARS-CoV-2 by
binding with viral spike proteins.>* The entire preparatory
procedure, including virus enrichment, enzymatic RNA extrac-
tion, and elution, required approximately 10 min.

For target pathogen purification and extraction, different
microfluidic systems depending on solid-phase extraction and
structure-based physical separation have received a lot of
attention to date. These practical, compatible, affordable, and
microfluidic-based virus pretreatment strategies may also have
the potential to offer strong technical support for achieving the
near-real-time and accurate airborne pathogen monitoring and
on-site bioaerosols risk assessment.

5 On-site airborne pathogens
detection

In a manner different from existing clinical diagnosis approaches,
on-site bioaerosol sensors need to be more sensitive, accurate,
robust, and swift for versatile, automated, and connectable sen-
sing applications. To further clarify the research priorities for the
on-site airborne pathogen biosensor development, we propose a

Accurate

Robust

Operation in harsh
environments

Reliable exposure results

Sensitive

Trace-level
virus detection

‘SARSVAC’ Swift

criteria Real-time results
Connectable
IoT and networking
Automate Versatile

| .
Minimal human intervention Adaptable to multiple targets

Fig. 11 Proposed “"SARSVAC" criteria for evaluating biosensing system in
the field of on-site airborne pathogens detection and real-time transmis-
sion risk assessment. In particular, the ideal on-site airborne pathogen
sensing system should match the proposed SARSRVAC criteria and be
Sensitive, Accurate, Robust, and Swift for Versatile, Automated, and Con-
nectable sensing applications.
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set of “SARSVAC” criteria, as shown in Fig. 11. Under this scheme,
we evaluate and summarize the novel bioanalytical chemistry
technologies developed in the recent years. In detail, high sensi-
tivity and low LoD should be the first priority for developing on-
site pathogen-laden aerosol sensors. Due to the possible low
pathogen concentrations in the air, superior sensitivity is critical
to eliminate false negative results, to reduce the overall time
consumption of aerosol sampling-to-biosensing turnaround,
and to provide more accurate real-time information on airborne
transmission. Strategies such as employing nanomaterials, label-
ling, signal amplification, target replication, and novel biosensing
concepts have been utilized to improve the sensitivity.**>>>">*”
Another essential sensor trait is the sensor accuracy and precision,
which is decisive for a reliable biosensing readout for predicting
on-site bioaerosol exposure and determining a precise transmis-
sion risk level. Aerosol samples that have been concentrated in
a liquid solution may release numerous unexpected chemicals
and particles, which may hinder specific molecular interactions
(false negative) or trigger unexpected binding to biosensors
(false positive). Various approaches have been proposed recently
to improve the biosensing accuracy, including the use of blocking
agents, sample pretreatment, and novel intrinsic biosensor design
(e.g., self-referencing channel).'®****® Meanwhile, a novel bio-
sensor design could also enable on-site pathogen sensing system
to work in different harsh environments.

Swiftness is another important trait to allow exposure
measurement with high spatiotemporal resolution and early-
stage warnings. Currently, numerous biosensors can detect
trace quantities of pathogens within 10 min.'8*9?31232 p
addition, biosensors should be versatile and readily adaptable
to detect various types of airborne pathogens and variants,
given the rapid mutation and emergence of novel pathogens.
Last but not least, automated and connectable sensor network
could allow for measurement of multilevel (personal-private-
public, 3P) exposures, i.e., with a high degree of spatiotemporal
resolution. On-site airborne pathogens sensing services can be
connected to the central network and provide real-time acces-
sible data to facilitate evidence-based interventions of airborne
pathogen transmission.

The proposed “SARSVAC” criteria could further clarify the
development and research priorities of airborne pathogen
biosensing technologies. In the sections that follow, we will
review various on-site airborne pathogen detection strategies,
highlighting the recent advancements and prospective
challenges.

5.1 Pathogen recognition strategies

Airborne pathogens may consist of bacteria, viruses, fungi, or
other microorganisms, as shown in Fig. 12a. As one of the most
prevalent airborne pathogens, bacteria are unicellular micro-
organisms that can cause a variety of diseases, including
tuberculosis, Streptococcus, and Legionnaire’s disease. Viruses
are even smaller infectious agents that can cause a range of
ailments, from the common cold to more severe diseases such
as COVID-19, chickenpox, monkeypox, and measles.>** For
instance, coronaviruses are enveloped single-strand positive-

This journal is © The Royal Society of Chemistry 2023
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sense RNA viruses with an average diameter of about 100 nm.
As shown in Fig. 12b, human coronaviruses are mainly constructed
by a variety of structural and non-structural proteins, a lipid bilayer
envelope, and encapsulated nucleic acid materials.”***** Fungal
aerosols, which include yeasts and spores, are the third group
of airborne pathogens.”® Some types of fungi can also cause
respiratory infections such as aspergillosis and histoplasmosis.
For specific pathogens or general bioaerosols, there are mainly
two groups of specific recognition targets for on-site and rapid
detection: nucleic acids (DNA or RNA sequences) and antigenic
epitopes (antigen proteins).

5.1.1 Recognition by nucleic acids. Pathogens contain
either DNA or RNA as their genetic material. DNA is the genetic
material found in most microorganisms, including bacteria
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and viruses like adenovirus, whereas RNA is found in certain
viruses such as influenza virus, SARS-CoV, and SARS-CoV-2.
From a bioanalytical point of view, these unique sequences, as
shown in Fig. 12d, can be exploited as efficient recognition sites
for developing highly specific biosensors.

16s rDNA is a conserved gene sequence found in all bacteria
and extensively used for the identification and classification of
bacteria. The general 16s rDNA sensing techniques involves the
amplification of the 16s rDNA gene from the bacterial sequence,
followed by the sequencing of the amplified product to identify
the bacterial species present in the bioaerosols sample. Because of
the universality of this method for bacterial detection, the recog-
nition site of 16s rDNA has been very versatile in both clinical and
environmental sensing applications.”*® Similarly, the gp43, p27,
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Fig. 12 (a) Schematic illustration of biosensing recognition sites for detecti
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ng airborne pathogens like viruses, bacteria, and fungal spores. (b) Cross

section of coronavirus, i.e., SARS-CoV-2, which demonstrated the typical recognition sites, including a variety of structural and non-structural proteins, a
lipid bilayer envelope, and encapsulated RNA sequence. (c) Cross section of a Gram-negative bacteria with different recognition sites. (d) Full SARS-CoV-2
genome and its two sub-genomic regions, which encoded the non-structural proteins (nsp, e.g., nsp13 HEL, nsp12 RdRp) and structural proteins (e.g., S-, N-, E-,
and M-proteins). The potential RNA recognition sites widely used for biosensing and nucleic acid detection involve ORFlab, RdRp, S, N, E, and nspl3. (e)
Common epitopes recognition sites in spike protein of coronavirus. The two functional subunits, S1 and S2, which are responsible for mediating attachment to
host cells and membrane fusion can be recognized by angiotensin-converting enzyme 2 (ACE2), monoclonal antibodies, and aptamers. Reprinted with
permission from ref. 235. Copyright (2020) Elsevier B.V.
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and ITS genes are all genetic biomarkers for fungal identification
and classification. ITS sequence located between the 18S and 28S
region is highly variable and evolves rapidly, making it useful for
identifying and differentiating between fungal species.>*”

Due to the diversity of viral families, it is difficult to find
a universal genetic marker for detecting all types of viruses.
For DNA viruses such as adenoviruses and smallpox virus, one
conserved genetic region is known as the DNA polymerase
gene, which encodes for the enzyme responsible for DNA
replication. Similarly, the RdRp (RNA-dependent RNA poly-
merase) gene, which may be utilized as a target for identifying
airborne viruses, is present in a variety of RNA viruses, including
coronaviruses and influenza viruses. Coronaviruses such as SAR-
CoV and SARS-CoV-2 possess a positive-sense RNA sequence
with 26 to 32 kilo-bases in length.>*® In clinical diagnosis,
nucleic acid detection, e.g., polymerize chain reaction (PCR), is
currently considered as the gold standard thanks to its well-
characterized sensitivity and accuracy. For instance, genomic
probing sites located in N gene (encoding nucleocapsid protein),
Orflab gene (encoding open read frame 1lab protein), E gene
(encoding envelope protein), RARp gene (encoding RNA depen-
dent RNA polymerase), and S gene (encoding spike protein)
shown in Fig. 12d are commonly used for recognizing SARS-
CoVv-2.>**% Integrated bioaerosol sampling strategies, such as
the inertial impactor embedded in a micromachined silicon
chip, have been recently proposed for facilitating point-of-care
RT-gPCR detection of the airborne SARS-CoV-2 viruses.**’
However, several characteristics of PCR tests including being
resource-intensive, cumbersome, and time-consuming hampers
their applications in real-time airborne virus detection and on-site
virus transmission monitoring. Numerous high-performance,
quick, and practical nucleic acid detection technologies have been
suggested and developed recently.****> As an prominent gene-
editing technology, clustered regularly interspaced short palin-
dromic repeats and associated proteins (CRISPR/Cas)-based
assays have been proposed for the sensitive and swift recognition
and detection of pathogen genes.”*>?**% In the CRISPR/Cas-
based biosensors, the cleavage activity of the nuclease-inactive
ribonucleoprotein complex, which contains Cas-protein and
crRNA, can be selectively activated by binding to the complemen-
tary sequence of the pathogen target.>'® The activated complex
can be used to indiscriminately cleave any surrounding sequence
and generate a sensible signal. For instance, the CRISPR-Cas13a
assay was developed for the direct detection of SARS-CoV-2 RNA
with a superb sensitivity by 100 copies per pL and a swift
turnaround of 30 min.>*® Although this sensing approach was
initially designed for clinical diagnosis, its swift and sensitive
characteristics meet the criteria for on-site pathogen detection.
Additionally, this CRISPR-based biosensing assay can be inte-
grated with a mobile phone-based readout device to fulfill the
criteria of prospective sensor networking and connectable IoT.
To date, the CRISPR/Cas approaches have not been directly
applied to detect on-site collected aerosol samples. The sensing
performances such as recognition accuracy and stability need to
be further verified when the assay reagents are directly exposed to
diverse aerosol compounds from the environment.
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A major disadvantage of nucleic acid detection approaches
for usage in on-site airborne virus detection is the demand for
additional sample pretreatment procedures, including pathogen
lysis, release of inner nucleic acids, and removal or inactivation
of NA-degrading enzymes. An integrated microfluidic system, as
explained in Section 4.5, is more appealing for the sampling,
pretreatment, and delivery of pathogen aerosol samples for
biosensing.

5.1.2 Recognition by antigenic epitopes. The antigenic
epitopes of airborne pathogens represent another group of recog-
nition sites for quantitative biochemical analysis. Fig. 12e indi-
cated the epitopes sites for recognizing the S protein of SARS-CoV-
2. As part of pathogen proteins, epitopes facilitated the specific
molecular binding of antibody-antigen pairs through epitopes-
paratopes interactions. For instance, targeting the viral spike and
nucleocapsid proteins, many SARS-CoV-2 antigen biosensors have
been developed for both clinical diagnosis and environmental
surveillance applications.>*”>* A fast bacteriological immunoas-
say and an integrated microfluidic device capable of capturing
and enriching airborne microorganisms like Mycobacterium tuber-
culosis were also developed. In addition, aptamer or synthetic
polymer receptors (e.g., molecular imprinted polymers) can also
be utilized to detect antigen.”**>°

The epitopes recognition strategy is mainly based on the
binding affinity (Kp,) between the receptor and target proteins.
Taking the SARS-CoV-2 spike protein as an example, the binding
affinity with human angiotensin-converting enzyme 2 (ACE2)
receptor is about 14.7 nM.>*" In contrast, two optimized oligo-
nucleotide aptamers selected through systematic evolution of
ligands by exponential enrichment (SELEX) possess affinities of
5.8 nM and 19.5 nM.>**

Recently, a novel class of epitope-based biosensor was
proposed by de-novo designing protein switches and modulating
inter-/intra-molecular interactions.>*>*>* As shown in Fig. 13a,
the modular caged target-binding-motif is designed to selectively
interact with the target proteins or epitopes. The specific binding
also drives the conformational states change and leads to switch
from a dark state to an “open” luminescent state. This novel
epitope-based biosensing approach has also been exploited to
detect the SARS-CoV-2 S protein, with a detection limit of 15 pM
(Fig. 13b-d).>>* Combining with a suitable bioaerosol sampling
system, the de novo designed protein biosensor could be a
promising candidate for swift and sensitive airborne pathogen
detection.”***** Designing a suitable material host for de novo
designed protein switches without altering their intrinsic ther-
modynamics and stability would enable the development of
smart sensing formats for monitoring exposure to pathogens
and toxins for risk assessment. Notably, a similar technology
using a B-cell-based luminescent biosensor has been developed
into a commercially available device for monitoring different
airborne pathogens.?*®

The most outstanding advantage of epitope-based recogni-
tion strategies is their swiftness and flexibility. Generally, most
of the recognition approaches by antigenic epitopes take less
than 30 min, which may benefit the on-site and real-time
airborne pathogen quantification. Ideally, the epitopes receptor

This journal is © The Royal Society of Chemistry 2023
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represented in previously published article ref. 253.

of biosensors should be selective and specific to the designated
target protein. However, the majority of protein receptors,
including pathogen antibodies, are promiscuous and may bind
with a variety of non-specific biomolecule.”® Egelhofer et al.
have tested the specificity of about 200 antibodies and found
that more than 25% have substantial problems of specificity.>*”
One factor that contributes to promiscuity is the presence of
conserved epitopes among different bacterial or virus species.
For example, certain surface proteins or lipopolysaccharides
are shared among different strains of bacteria, allowing for
recognition by a single antibody. Regarding SARS-CoV-2, ten
antibodies against the SARS-CoV structural proteins including
S, N, M, and E proteins demonstrated non-negligible cross-
reactivity to SARS-CoV-2.>°® In detail, the binding affinities
between SARS-CoV-2 S protein and three monoclonal SARS-
CoV antibodies ranged from 0.76 nM to 481 nM. Therefore, the
cross-reactivity and promiscuity of proteins receptors may lead
to critical challenges in sensing the specificity for on-site
airborne pathogen detection. To improve the specificity and
selectivity of epitope-based biosensors, strategies such as anti-
fouling layers and smart assay design can be generally applied

This journal is © The Royal Society of Chemistry 2023

as discussed in previous works.>?® Furthermore, rapid pretreat-
ment following bioaerosol collection is required to remove
potential interfering substances in practical on-site airborne
pathogens detection. These strategies will be discussed in
detail later (Sections 5.3 and 5.4).

5.2 On-site bioaerosol sensing strategies

Selective biosensing receptors targeting pathogen recognition
sites require sensitive transducing elements to transform the
molecular interactions into quantifiable analytical signals.
These transducing elements can be a photo-responsive matrix,
a nanomaterial-based electrode, or an interface of a piezo-
electric microbalance. Therefore, based on the different phy-
siochemical transducing principles, biosensors can be readily
classified into several different groups, namely, electronic/
electrochemical, optical, and mechanical/acoustic biosensors.
Hereby, we review the novel progresses of high-performance
biosensing systems for on-site airborne pathogen detection
and further provide insights following the “SARSVAC” criteria.
The potential strategies and novel designs for improving the
bioaerosol sensing performance are summarized in Table 3.
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5.2.1 Electronic and electrochemical pathogen sensing
methods. In electronic/electrochemical biosensing systems
(Fig. 14a), conductive electrodes are generally used in conjunction
with electronic devices to probe the electrical alterations caused
by capturing target pathogens or its fragments.”>® Based on the
transducing signals, electrochemical biosensing approaches can
be divided into categories of amperometry (monitoring current
over time by keeping the potential constant), conductometry
(measuring conductance with a constant AC potential), voltam-
metry (gauging current under varied potentials), and potentiome-
try (measuring real-time potential under a constant electric
current),>®%?*

Based on the fast development of low-cost microelectronic
circuits and nanofabrication technologies, electrochemical-
based biosensors demonstrate advantages of high robustness,
low-cost, easy miniaturization, and low system complexity.>**>
Additionally, electrochemical biosensors can be easily integrated
with existing sensor networks due to their easy interface with
conventional electronic read-out.>®®  Field-effect-transistors
(FETs) and miniaturized potentiometric systems are the promi-
nent instances for airborne pathogen detection.>***** Seo et al.
proposed a graphene-based FET biosensor for detecting the
SARS-CoV-2 virus in different liquid media (e.g., buffer solvent,

View Article Online

Review Article
biological fluid, and culture medium), as shown in Fig. 14b.>*?
According to the preliminary biosensing results, the FET-based
biosensor possessed a detection limit of 242 copies per mL
through the direct recognition of the antigenic epitopes.
In addition to this superior sensitivity, electrochemical biosen-
sors also possess the advantages of easy-to-manufacture and
integration. A split aptamer (SA)-based electrochemical sensor
chip was recently developed for the rapid detection of adenosine
triphosphate in bioaerosols with a detection limit of 10 pM,
which can be used for the ubiquitous detection of total
bioaerosols.”®

Additionally, the transducing electrodes of electrochemical
biosensors can be easily integrated onto different flexible or
low-cost substrates (e.g., paper, polymers, and clothes).>¢%2¢°
For instance, the screen-printing method could enable the mass
manufacturing of electronic pathogen sensing devices.>”%*”*
Recently, a paper-based voltametric electrochemical biosensor
was developed for rapid and on-site airborne influenza virus
quantification.'” This voltametric biosensor had a fair detection
limit of 2.13 PFU per mL. Due to the integrability of electro-
chemical systems, this low-cost and paper-based biosensor has
been directly incorporated with a portable electrostatic aerosol
concentrator for the continuous monitoring of virus-laden
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Fig. 14 Airborne pathogens can be rapidly and sensitively detected by electronic/electrochemical, optical/photonic, and mechanical biosensors. (a) The
electronic/electrochemical pathogen sensing system use the conductive electrodes to probe the electrical alterations caused by capturing pathogen
target. (b) Schematic demonstration of FET-based electronic/electrochemical viral sensor. 2D materials such as graphene can be utilized as a transducing
electrode material. Antibody receptors can be conjugated onto the substrate for detecting different pathogens or their antigenic epitopes. (c) The
photonic or optical pathogen sensors transduce the optical signal alterations based on light matter interaction such as absorption, scattering, reflection,
and non-linear emissions. (d) Schematic illustration of LSPR-based optical viral sensor. Gold nanoisland (AuNI), as a plasmonic enhanced light—-matter
interaction matrix, was utilized to manipulate and transduce biomolecules. The complementary DNA probes are conjugated onto the AuNI matrix to
detect the nucleic acid materials of targeted pathogens. (e) The mechanical sensors use the micromechanical unit to probe the binding events.
(f) Schematic illustration of miniaturized micromechanical sensors for detecting nanoscale airborne pathogen targets. This portable cantilever-based
airborne nanoparticle detector (CANTOR) is a combination of a miniaturized sampler made of aluminum material and a cantilever resonator. Schematic
ideas were followed as represented in previously published article ref. 44, 232 and 295.
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aerosols. In another recent work, Xue et al integrated the
conductive nanowire-based immunosensors, a miniaturized flex-
ible impedance circuit and a wireless communication unit into an
intelligent face mask for personal infection detection.**” Through
the enrichment of bioaerosols by the facemask, this electrochemi-
cal biosensor could directly detect airborne coronavirus at a
concentration of 0.35 PFU per L in air. By integration with afore-
mentioned airborne pathogen collection, enrichment, and pretreat-
ment units, as shown in Fig. 10, the electrochemical bioaerosol
sensing systems have the potential to be employed for on-site
airborne pathogen detection.

Although electrochemical biosensors offer a promising ave-
nue for on-site airborne pathogen detection, their capability to
detect trace amounts of specific target in complex aerosol
matrix remains a major concern.””> The innumerable organic
molecules, redox-active compounds, and biological fragments
present in the aerosol samples may severely obstruct electro-
chemical biosensing performance by interfering with receptor
activities, increasing background noise, passivating biosensing
electrodes, and blocking biorecognition sites.>*®*”* Therefore,
it is necessary to use surface antifouling and novel biosensing
structure designs to further improve the biosensing robustness.
General antifouling strategies have been systematically dis-
cussed in recently published articles.>”>>”* In addition, physico-
chemical interception in the sampling and pretreatment micro-
fluidics could be another potential strategy to further purify and
enrich the airborne pathogens or fragments in situ. For instance,
the multi-layered filters can effectively remove insoluble particles
before bioaerosols transduction.’” In addition, the conductive
nanofibers (e.g.;, CNTs) in a microfluidic system can be further
developed into a multi-functional electrochemical system, in
which the airborne pathogens can be simultaneously enriched
(with physical or chemical interception) and in situ detected.*'®

5.2.2 Photonic pathogen sensing methods. Photonic patho-
gen sensors present another promising approach for highly
sensitive coronavirus detection (Fig. 14c).””*?”” On the basis of
optical modulating and transducing configurations, photonic
biosensors can be divided into numerous classes, including
optical resonance, dispersion, reflection, refraction, absorption,
Raman scattering, and fluorescence. Utilizing nanomaterial-
enhanced light-matter interactions, nanophotonic devices have
demonstrated superior biochemical analysis performance for
transducing trace amount of analytes.”’”® Among them, plasmo-
nic enhanced light-matter interaction has proven to be an
invaluable technology for the highly sensitive detection of patho-
gens such as bacterial and viral particles.***”®

Localized surface plasmon resonance (LSPR) indicated that
photon-induced collective electrons oscillation resulted from the
nanomaterial-enhanced light-matter interaction.””® Numerous
LSPR-based biosensing systems, modulated via reflection, absorp-
tion, or phase, have been employed for detecting trace amounts of
airborne pathogens.'®4**89282 Moitra et al. proposed to use
colloidal plasmonic nanoparticles for colorimetric viral gene
quantification through rapid “naked-eye” detection.”®* The same
research group further integrated this plasmonic enhanced light-
matter interaction technique into a hyperspectral sensor, which

8558 | Chem. Soc. Rev,, 2023, 52, 8531-8579

View Article Online

Chem Soc Rev

exhibited the hallmark of ultrahigh sensitivity at the yoctomole
level and rapid turnaround time of a few seconds.”®'

In addition to improving the operability and sensitivity,
smart optical sensors designs may significantly improve the
biosensing reliability and robustness.?®* A prominent example
is using thermoplasmonics, an enhanced photothermal effect
to regulate the thermodynamic interactions between target
genes and oligonucleotide receptors, as shown in Fig. 14d.**
The proposed thermoplasmonic heating was able to increase
the local temperature for nucleic acids recognition and facil-
itate the elimination of interference from nonspecific objects
and spurious pathogenic genes.** The same research group
also developed a plasmonic biosensor for total bioaerosol
detection.?®* By leveraging the succinimidyl-ester surface func-
tionalization, total bioaerosols can be quantitative detected
with high sensitivity down to 0.5119 cells per mL.

Nanomaterial-based surface-enhanced Raman spectroscopy
(SERS) is an alternative optical route to achieve highly selective
and sensitive airborne species detection.®®> Raman spectroscopic
strategies are able to provide a unique spectral fingerprint gener-
ated by the interaction of light with the molecular vibrations of
the target airborne pathogens.”®® One research employed angio-
tensin converting enzyme 2 receptor-functionalized SERS biosen-
sors to quickly detect viral spike proteins with a turnaround time
of less than 5 min and a low LoD of 80 copies per mL.**
Additionally, the machine-learning algorithm was employed to
improve the discrimination capability for identifying the
pathogen-related SERS fingerprint in the complex liquid system.
Choi et al integrated an optofluidic SERS platform with a
microfluidic-based aerosol-to-hydrosol impingement aerosol sam-
pler and demonstrated the capability of continuous bioaerosols
monitoring.>%

Recently, optical biosensing assays based on photon emission
have also been utilized for airborne virus quantification and risk
assessment.'®'®?>® Lee et al. described an integrated sampling-
to-monitoring system for the on-site and real-time detection of
airborne pathogens.' The antibody-conjugated up-conversion
nanoprobes (UCNPs) were able to specifically bind to the col-
lected airborne pathogens in a paper-based system, and the
stimulated UCNPs photoluminescent emission could be used
for on-site and rapid virus quantification with LoD down to
10*?°* EID;, (50% egg infective dose)/m>. In addition, spark-
induced plasma spectroscopy was also recently reported to
achieve on-site and real-time detection of airborne viruses.'®

There are also commercially available optical instruments for
the real-time and on-site detection of airborne pathogens.?*®
One of these products utilized a cell-based and biolumine-
scent-mediated biosensing technology with membrane-bound
pathogen antibodies and expressed bioluminescent protein col-
laborated to accomplish cellular analysis and notification of
antigen risks and yields (CANARY).>®® In addition to these
established optical biosensing approaches, advanced photonic
techniques such as chiral plasmonics, dielectric nano-
resonators, and surface enhanced infrared absorption spectro-
scopy (SEIRA) could also be potentially utilized for highly
sensitive on-site airborne pathogens monitoring.*
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Optical and nanophotonic biosensors have offered high
sensitivity, accuracy, and operational robustness for bioaerosols
detection. To meet the “SARSVAC” criteria and achieve on-site
risk assessment, the integrability and compatibility of optical
biosensing devices should be further improved. For instance, 3D
printed micro-photonic units could facilitate the miniaturization
of bulky optical sensing systems. Moreover, optofluidics can be
integrated with the micro-sampler units (Fig. 8) for continuous
and uninterrupted pathogen-laden aerosols collection, pretreat-
ment, manipulation, and detection.”***' The integrated micro-
fluidic controlling systems and optoelectronic elements could
further enhance the automation and compatibility of optical
pathogen-sensing systems,>?%:>92:293

5.2.3 Acoustic and mechanical pathogen sensing methods.
The third major class of biosensors for airborne pathogen detec-
tion is micromechanical transducer, as shown in Fig. 14e, in
which acoustic alterations in resonance frequency, acoustic velo-
city, and dissipation can be modulated for quantification.**>*>
The miniaturized bio-microelectromechanical systems (bio-
MEMS) with surface-functionalized bio-recognizing receptors
(e.g., aptamers, antibodies, and nucleic acid probes) exemplify a
revolutionary technology for rapid and sensitive biochemical
analysis.**®

Recently, Agarwal et al. proposed a microcantilever-based
bio-MEMS system for the rapid detection (<5 min) of viral
spike and nucleocapsid proteins (Fig. 14f). By monitoring the
nanomechanical deflections, it exhibited a high sensitivity of
100 copies per mL.>*> In addition, the novel microelectronic
readout units such as metal-oxide semiconductor FET (MOSFET)
can be integrated into the micromechanical system to further
improve the biosensing performance.*” In this novel mechanical
bioaerosol sensing system, a microelectronic FET unit was
embedded as the base of the micromechanical cantilever to
directly read the deflections caused by the biomolecular binding.

To achieve on-site aerosol detection, a sampling unit, such
as an electrostatic precipitator, has been further integrated with
the micromechanical sensing system.?*® In this miniaturized
system, the resonating Si cantilever was parallelly employed as
the electrostatic sampling electrode and the mechanical sen-
sing matrix. By validating with 100 nm airborne particles, the
sensor exhibited a mass sensitivity of 36.5 Hz ng ™" after 15 min
aerosol sampling. By functionalizing specific protein receptors or
complementary nucleic acid sequences on the micromechanical
sensing substrate, the micromechanical system may be used as an
integrated, rapid, and cost-effective system for on-site pathogen
aerosol detection. Moreover, the miniaturized sensing volume
and novel functionalization strategies also enabled multiplexed
analysis with microelectronic biosensing system.”*® Based on
multichannel detection on the same platform, different pathogen
units can be detected in parallel so as to eliminate the impact of
non-specific binding events and provide more accurate bioaer-
osols analysis results. By supplying at least one reference channel,
it is also possible to eliminate the background noise induced by
the complex airborne components.>*°

Notably, despite the demonstrated ultrahigh sensitivity
and versatile multiplexing applications, the robustness of bio-
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MEMS systems must be enhanced prior to their use for on-site
airborne coronavirus detection.*®® In addition, mechanical
biosensing devices typically require additional signal reading
units, which may have an effect on the system integration and
compatibility.

5.3 Effective strategies to minimize non-specific aerosol
interference

Aerosols represent complex chemical components in the air,
mainly including metal ions, inorganic particles, organic carbon,
and bioaerosols.>*" The highly sensitive and selective detection
of a trace amount of airborne pathogens in this diverse aerosol
background remains challenging. In addition to improving the
sensitivity, on-site bioaerosols detection demands effective stra-
tegies to minimize non-specific interference. In this section, we
consider the main aerosol interference factors, including physi-
cal disruption from airborne particles, chemical inhibition of
redox-active species, and biological interferences.

Sample pretreatment and direct size-dependent separations
may be the simplest method for eliminating the impact caused
by insoluble dispersed particles. Jang and co-workers proposed
an on-site airborne pathogen biosensing system that integrated
multilayer filtration pads with different pore sizes to purify the
collected airborne pathogens and eliminate the interference
from dust particles."”**> Hong and co-workers developed a
microfluidic inertial separator to simultaneously separate air-
borne pathogens by size.””® Airborne viruses, with dimensions
less than 500 nm, can be purified and subsequently measured
using a real-time analyzer. For size-based purification, active
separation techniques employing acoustophoretic and dielec-
trophoretic techniques in a microfluidic system can also be
utilized.**?

Redox-active species, such as ROS, RNS, and transition metal
ions, may inhibit the effective recognition of airborne pathogens
by damaging the activity and functionality of recognition
molecules.”*'743% To this end, scavengers for redox-active spe-
cies and radicals may be potentially used to reduce the oxidation
of biomolecules and biosensing recognition sites.'®' As shown in
Fig. 15, Yamashiro and co-workers investigated the radical sca-
vengers for *OH, *0, , H,0,, '0,, ONOO~, and ONOOH and
found that NaN; (scavenger for 'O,), uric acid (for ONOO ™), and
ascorbic acid (for ONOOH) could be good candidates to preserve
the viability of collected airborne pathogens such as viruses.'”?
Using appropriate chemical scavengers in the aerosol-to-hydrosol
sampling and bioaerosol elution process may preserve the patho-
gens as well as their protein structures and nucleic acid
sequences, thereby enhancing the biosensing accuracy and pre-
venting the underestimation of airborne concentrations.

Antifouling coatings represent one of the most useful
chemical approaches. Readers could refer to these recently
published articles, which have systematically summarized the
antifouling technologies for biosensing applications.*?*?7*274
Intelligent biosensor design could be another significant strat-
egy to tackle non-specific molecular interference. For instance,
signal or molecular switch system and self-referenced transduc-
tion can effectively improve the bioaerosol sensing accuracy in
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a complex liquid matrix.>*® The signal/biomolecular switch
biosensing system is composed of functional proteins or
nucleic acids that undergo conformational or functional
changes upon interaction with the target pathogens. The distinct
bioactivities of the biochemical switches, such as the cleavage
activity of an enzyme or the photon emission of a bioluminescent
protein, can be engaged when the biosensing targets contact the
designated functional units.**>*°® Based on the switches, non-
specific molecules, even if bonded onto the biosensor surface,
cannot activate the specific biofunctions, thereby avoiding the
interference of complex non-specific background aerosols. As a
type of robust functional biomolecules, CRISPR/Cas proteins can
be used as enzymatic switches for detecting different pathogens.
Additionally, site-specific restriction enzymes, such as nicking
endonucleases, could also be employed to design biomolecular
switch biosensors. For instance, endonuclease IV, which cleaves
the apurinic/apyrimidinic (AP) sites in double-stranded nucleic
acids, can be used as a biomolecular switch for airborne virus
detection."®*° This cleavage function is only activated when the
pathogenic sequences are present and bind to the oligonucleotide
probes, thereby avoiding false signals caused by non-specific
binding events. Another prominent example of novel biomolecu-
lar switches is the de novo designed bioactive protein biosensors,
as shown in Fig. 13, in which the target protein can switch the
“closed” state of the protein cage to an “open” state to achieve
highly-selective pathogen detection.>**>*?

While there are a growing number of promising develop-
ments of effective strategies for tackling non-specific aerosol
interference with sample pretreatment, chemical scavengers,
and intelligent biosensor designs, on-site biosensing imple-
mentation and robustness validation are still scarce. To further
optimize the antifouling strategies and enhance the bioaerosol
sensing robustness, more real-world implementation works
including bioaerosol sample collection and on-site quantifica-
tion should be conducted.

5.4. Integrated on-site airborne pathogen biosensing systems

From bioaerosols collection to the interpretation of the sensing
results, airborne pathogens detection is generally carried out
following specific steps in practical on-site and rapid infection
risk assessment. This process mainly includes four parts: (1)
aerosol sampling and enrichment, (2) pretreatment and delivery,
(3) quantitative biochemical analysis, and (4) interpretation of
bioaerosol sensing results. Some pioneering and recent research
works reported the integration of different functional units for
realizing on-site airborne pathogen detection in a continuous
and real-time manner (Table S3, ESI{).**"71%39731% Choi and co-
workers developed a fully integrated optofluidic SERS biosensing
platform for the simultaneous detection of airborne pathogens,
as shown in Fig. 16a.%®® The microfluidic-based liquid impinge-
ment sampler with the two-phase flow (i.e., a sampled air flow
and a collection liquid medium flow) was employed to collect the
airborne bacteria. Colloidal silver nanoparticles (AgNPs) in the
collection liquid could be directly adsorbed onto the target
biomolecules in the microfluidic mixer and then enhanced
the Raman spectroscopic signal in a continuous-flow manner.
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Fig. 15 Scavengers with the potential to clean up redox-active species
can minimize damage toward collected airborne pathogens and make
them detectable in downstream-analysis. Sodium azide (NaN3), super-
oxide dismutase (SOD), catalase, dimethyl sulfoxide (DMSO), uric acid, and
ascorbic acid can be used to reduce the negative impact on collected
airborne pathogens.

The sensitivity of this real-time and continuous bioaerosol sensing
system was reported to be relatively low at 100 CFU per mL.

The combination of a filtration-based airborne pathogen
sampling system and a lateral flow sample delivery system
represented another instance of compatible and field-deployable
airborne pathogen sensing system."* This miniaturized sampling-
to-monitoring device (Fig. 16b), proposed by Lee and co-workers,
integrated three interconnected blocks: a filtration pad for aerosol
particle filtration, a paper-based strip for sample delivery, and an
optical sensing zone for up-conversion near-infrared (NIR) detec-
tion. Within 20 min, the collected airborne pathogens and
antibody-conjugated nanoprobes can be efficiently enriched and
detected by this miniaturized system. Using the avian influenza
HIN1 virus as the virus-laden aerosol model, this platform
achieved a detection limit at 10**** EID;, (50% egg infectious
dose)/m’.

Another on-site airborne pathogen biosensing example, as
shown in Fig. 16c¢, integrated an electrostatic precipitator and a
surface-amplified electrochemical biosensing device.*'® This
electrochemical biosensing system utilized the magnetic nano-
particles and functionalized antibodies to capture the collected
airborne viruses. By leveraging the external magnetic fields,
these magnetic nanoparticles not only facilitated the virus
enrichment on the electrochemical sensing surface but also
erased all the biomolecules and pathogens after detection, thus
achieving the reuse of the electrochemical sensor.

More recently, a condensation (hygroscopic growth)-assisted
bioaerosol collection and plasmonic photothermal sensing
(CAPS) system was developed for the on-site quantitative risk
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analysis of pathogen-laden aerosols.”® In addition to direct
measurement of the airborne pathogen exposures with high
spatiotemporal resolution, the biosensing signal can be trans-
lated to probabilities of infection risk and estimate maximum
exposure durations to an acceptable risk threshold in different
environmental settings.

Notably, it is found that the sensitivity of current on-site
airborne pathogen biosensing platforms still needs to be
further improved. Although detection sensitivity can be further
improved through bioaerosol enrichment by extending the
aerosol sampling duration, the potential physiochemical
impact during the long sampling-to-biosensing process may
also lead to a non-negligible loss of pathogen integrity and
functionality. In addition, long sampling duration would dete-
riorate the time resolution of the biosensing system and
jeopardize the capability for time-sensitive risk assessment.
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Some of the proposed pathogen aerosol sensing systems still
require manual operations such as bioaerosol elution, patho-
gen lysis, and sample delivery.>'%!* Therefore, in the follow-up
work, the automation of the systems also needs to be further
improvement. Regarding the capability of telecommunication
and connectivity, Xue et al. proposed an integrated Bluetooth
unit to directly upload the viral sensing results to the end-users
(Fig. 16d).>"” By further integrating the result interpretation
unit and artificial intelligence (AI), the connectable on-site
airborne virus sensing systems are poised to enable rapid
infection risk assessment and evidence-based public health
intervention. Another potential issue is that the majority of
existing airborne pathogen biosensing systems cannot differ-
entiate their viability and infectivity. Currently, there are several
studies that utilized off-site and culture-based methods to
investigate the viability of airborne viruses from different
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Fig. 16 The collection of the fully integrated and rapid on-site airborne pathogens detection systems. (a) Microfluidic sampling system based on the
inertia liquid impingement was used to collect the airborne pathogens and label with Ag nanoparticles. In a continuous manner, the AgNP-labelled
pathogens can be rapidly detected by the SERS system. Reprinted with permission from ref. 286. Copyright (2020) Elsevier B.V. (b) Fully integrated
sampling-to-biosensing platform for on-site and rapid airborne pathogen detection. The filtration collected bacteria or viruses were delivered to the NIR
sensing zone through capillary motion. Reprinted with permission from ref. 14. Copyright (2020) American Chemical Society. (c) Airborne pathogens
collected by an electrostatic sampler can be sensitively transduced by a reusable and surface-amplified electrochemical biosensor. Reprinted with
permission from ref. 310. Copyright (2021) Nature Group. (d) An intelligent face mask integrated with high density conductive nanowire array and
electrochemical biosensors for airborne pathogen detection. Reprinted with permission from ref. 247. Copyright (2021) Elsevier B.V.
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environments scenarios including patient wards and private
car.’™*!" There is still a high demand for the development of
on-site biosensing technologies that can directly quantify viable
airborne pathogens.

6 Amplification strategies for the
detection of trace amount of airborne
pathogens

Improving the sensitivity of detecting airborne pathogens can
significantly enhance the reliability of transmission risk assess-
ment and evidence-based public interventions.'®*"*'® Therefore,
there is a high demand for incorporating sensitivity improvement
strategies into airborne pathogen sensing systems. One of the
most effective ways is to amplify the biosensing response triggered
by the presence of pathogen targets.*'>*'® In addition, the selec-
tive amplification of biosensing targets or signals could also
diminish the interference caused by complex and diverse back-
ground components.*’

Numerous amplification strategies have been proposed and
implemented to enhance the sensitivity.***>*'*'° This section
focuses primarily on two essential physiochemical approaches,
namely, (1) enzyme catalysis-based amplification approaches and
(2) nanomaterial-based amplification approaches. These amplifi-
cation techniques could be further developed into “plug-and-
play” modules for numerous on-site airborne pathogens and
bioaerosols analyses with enhanced sensitivity and robustness.

6.1 Enzyme-based amplification

Enzymatic and catalysis-based amplification strategies represent a
fundamental concept for sensitivity enhancement, which leverages
the chemical reaction at the biosensing step to amplify the
transducing signal or the detection target. Enzyme-linked immu-
nosorbent assay (ELISA) and polymerase chain reaction (PCR) are
two examples that amplify the sensing signal and detection target,
respectively, using enzymatic chemical reactions. Antibody-conju-
gated enzymes can be specifically immobilized onto the ELISA wells
by recognizing epitopes and triggering a chemical reaction that
converts the color of appropriate probing substances, such as
3,3,5,5"-tetramethylbenzidine (TMB) or 2,2’-azino-bis(3-ethyl-
benzothiazole-6-sulfonic acid) (ABTS).>"” While in a PCR system,
the short complementary oligonucleotides primers can be elon-
gated by the polymerase enzymes when they specifically bind to the
target sequences. By repeating the hybridization—-polymerization—-
dehybridization process, the biosensing targets can be rapidly repli-
cated and thereby realize highly sensitive pathogen detection.”*
Inspired by these two conventional amplification concepts, enzy-
matic and catalysis-based amplification strategies can be adapted
for on-site airborne pathogen detection.'**'¢3!

6.1.1 Amplification strategies of the pathogenic target. As
highly specific biomarkers, nucleic acids of airborne pathogens
are ideal replication targets for enzymatic amplification and
achieving enhanced sensitivity and selectivity.>'>*** PCR, as the
‘gold standard’ of detecting airborne pathogens, has demon-
strated superior sensing reliability.>*®* However, the thermal
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cycling process with bench-top PCR devices limits its applic-
ability in the field of rapid on-site coronavirus quantification.
In contrast, isothermal amplification methods such as recombi-
nase polymerase amplification (RPA), rolling circle amplification
(RCA), and loop-mediated isothermal amplification (LAMP) can
be alternative candidates for rapid and on-site airborne pathogen
sensing applications.>"*****” Ganguli and co-workers demon-
strated an isothermal LAMP-based biosensing system for highly
sensitive pathogens detection.**® Using a microfluidic-based iso-
thermal amplification cartridge and a smartphone-based fluores-
cence readout system, this amplification-based system achieved a
superior detection limit of 50 viral RNA copies per pL within
30 min. Jiang and co-workers integrated the LAMP isothermal
amplification system into a hand-held device for rapid and on-site
airborne virus detection.”" The pathogen-laden aerosols, collected
by an liquid impactor, can be directly pre-treated (e.g:, collection,
lysis, and RNA extraction) and isothermally amplified on a paper-
based analytical system. The whole on-site sampling-to-biosen-
sing process took only about 1 h and provided a detection limit of
1 TCIDs, for the HIN1 influenza virus model.

By further incorporating isothermal amplification strategies
and novel transducing techniques, the integrated airborne
pathogen sensing system could further improve the biosensing
performance and the integration level of the whole system. Kim
et al. harnessed the voltametric electrochemical biosensor and
isothermal RPA approach to rapidly detect the amplified viral
targets with a detection limit of 1000 viral copies per pL.>'®
Moreover, taking advantages of the miniaturized microelectro-
nic components, the on-chip RPA system can be operated using
the human body temperature heating, as shown in Fig. 17a.
This proposed biosensing system illustrated a feasible route for
measuring personal airborne pathogen exposure.

In addition, the development of novel nanophotonic technolo-
gies also offers a convenient avenue for amplification-based bioaer-
osols detection. Plasmonic-enhanced photothermal effect can
be utilized as a precise and efficient heating source to promote
the enzymatic amplification in polymerase chain reaction.>?%3%°
Instead of using conventional heating components such as
Peltier-block heater, photonic PCR devices employed plasmonic
photothermal effect to achieve ultrafast thermocycling and
efficient nucleic acid amplification.* As shown in Fig. 17b,
Cheong and co-workers developed a portable nanophotonic-PCR
device for detecting pathogens (i.e., SARS-CoV-2) using plasmo-
nic nanoparticles as an ultrafast heating source.>*" This proto-
type could simultaneously measure three samples within 17 min
and achieve a detection limit of 3.2 viral copies per pL. In 2021,
Kang and coworkers further integrated the nanophotonic
PCR system onto a microfluidic on-chip PCR platform.*** This
miniaturized plasmofluidic PCR system was able to complete
40 thermocycles of amplification within 5 min. Therefore, by
further integrating the microfluidic-based aerosol sampling and
pretreatment system, this ultrafast and sensitive amplification
strategies can be potentially used for on-site airborne pathogen
detection and infection risk assessment.

However, the integration of enzymatic amplification strate-
gies for airborne pathogen detection also faces challenges such

This journal is © The Royal Society of Chemistry 2023
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Fig. 17 Enzyme-based amplification for sensitivity improvement. (a). Isothermal recombinase polymerase amplification (RPA) on electrochemical biosensor
for detecting pathogenic sequences. The isothermal heating can be achieved using human body temperature. Reprinted with permission from ref. 319.
Copyright (2021) Elsevier B.V. (b) Plasmonic Photothermal heating effect for rapid (~ 11 min) thermocycling pathogenic sequence amplification and PCR-based
fluorescence detection. Schematic ideas were followed as represented in previous published article ref. 331. (c) Enzyme-based signal amplification using
nucleic acid linked horseradish peroxidase (HRP) and paper-based electrochemical biosensors. Reprinted with permission from ref. 341. Copyright (2021)
American Chemical Society. (d) CRISPR/Casl13-based biosensing system for generating amplified fluorescent signal through the indiscriminative cleavage. The

cellphone can be used as convenient and connectable device for signal reading. Reprinted with permission from ref. 225. Copyright (2021) Elsevier B.V.

as the interference from complicated aerosol background.®*?

The airborne redox-active species (e.g., humic-like substance
and polyphenol), metal ions (e.g., calcium ions), and biological
compounds (e.g., protease) might inhibit the functionality of
the enzyme and interfere with the quantification of the air-
borne viruses.****** Therefore, it is also important to incorpo-
rate effective strategies to further purify the pathogenic targets
and remove the amplification inhibitors.***~**® For instance,
the microfluidic-based bioaerosol purification strategies
(Section 4.5) and chemical scavengers for removing airborne
redox-active compounds (Section 5.3) can be utilized to ensure
a stable and effective enzymatic amplification.

6.1.2 Amplification strategies of readout signal. Beyond
target-amplification options, a further interesting approach to
increase the sensitivity of airborne pathogen detection is to
amplify the biosensing readout signal through enzymatic and

This journal is © The Royal Society of Chemistry 2023

catalytic activities. Instead of using conventional benchtop read-
out systems, the signal amplification concept in ELISA can be
further integrated with microfluidics and novel biosensors to
further improve the sensing swiftness, sensitivity, and
robustness.*'****?%° In addition, the highly specific nucleic acid
probes could also be used to immobilize the oligonucleotide-
linked enzymes for conducting ELISA-like signal amplification, as
shown in Fig. 17¢.**

CRISPR/Cas-based technologies represent another type of
promising strategies for biosensing signal amplification.**?
Hybridization between the pathogen sequence to Cas-crRNA
strand ensures a high recognition specificity and subsequently
activates the cleavage function of the Cas protein to amplify the
biosensing signal by indiscriminately cleaving surrounding
sequences (e.g., RNA linked fluorophore-quencher pair).**?
For instance, Fozouni and co-workers proposed a portable
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and smartphone-based CRISPR/Cas13 biosensing system for
highly sensitive viral RNA detection (Fig. 17d).**® This CIRSPR
biosensor achieved 100 viral copies per pL sensitivity with
approximately 30 min turnaround time. Additionally, by har-
nessing a specific allosteric probe and CRISPR Cas13a compo-
nent, an APC-Cas detection system was also developed to detect
very low numbers of bacterial pathogens without additional
isolation.>** It can selectively and sensitively quantify Salmo-
nella enteritidis (from 1 to 10° CFU) in various complex real-
world samples.

Site-specific nucleic acid cleavage enzymes such as nicking
enzymes and restriction endonucleases have also been utilized
for biosensing signal amplification. These site-specific enzymes
could selectively cleave designed probes via cyclic cleavage in
order to accomplish “switch-on” or “switch-off”-based signal
amplification.'®*** For instance, in a “switch-on”-based amplifica-
tion system, the fluorophore-quencher pairs can be continuously
processed by restriction endonuclease after hybridization with the
virus sequences.'® The localized nanophotonic heating could facil-
itate the entire isothermal process for highly efficient signal
amplification, including the dehybridization of cleaved short oligo-
nucleotide and promotion of enzymatic reactivity. Compared to the
non-amplification results with the same biosensing platform, this
signal amplification strategies significantly improved the sensitivity
by up to two orders of magnitude for airborne pathogen detection.

Target-triggered and polymerization-based signal amplifica-
tion performed in situ on the transducing surface is considered
as an alternative approach to magnify the readout signal and
improve the bioanalytical sensitivity.**>**” Generally, the initi-
ating molecules are conjugated to protein or nucleic acids
probes, which can specifically recognize the pathogen targets
and allow localized chemical reactions to subsequently proceed.
Polymerization-based signal amplification can be achieved by
harnessing a variety of different chemical reactions, including
atom transfer radical polymerization (ATRP), fragmentation chain
transfer polymerization (RAFT), ring-open metathesis polymeriza-
tion (ROMP), and enzyme-mediated redox polymerization.>***°
Recently, Kim and co-workers reported a novel exponential signal
amplification strategy based on the photo-initiated redox auto-
catalysis, wherein the photocatalyst (Eosin Y) amplified the bio-
sensing signal by activating a nonfluorescent Eosin Y derivative
(EYH?") under green light illumination.>*” Additionally, Eosin Y
amplification was coupled with another photo-sensitive reaction,
i.e., the oxidative polymerization of 3,3’-diaminobenzidine (DAB),
so as to yield different forms of signals and benefit the sensitive
detection of antigenic epitopes of pathogens. Gurnani and collea-
gues have described an oxygen-tolerant RAFT polymerization
platform based on a modified Fenton reaction that is initiated
by the iron-reducing bacterial species Cupriavidus metallidur-
ans.**° Although this RAFT method was proposed for producing
well-defined polymeric materials, this concept also demonstrated
high potential for highly sensitive viable pathogens detection.>”*

6.2 Nanomaterial-based sensing amplification

Nanomaterials are attractive candidates for signal amplifica-
tion and sensitivity enhancement in novel pathogen biosensors
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due to their unique optical, electrical, and magnetic properties
as well as enhanced reactivities. On the basis of amplification
principles, nanomaterials for bioaerosol sensing amplification
have been divided into four distinct classes: nano-catalysts (to
initiate chemical reaction, Fig. 18a), nano-reporters (to generate
secondary or enhanced signals, Fig. 18b), nano-carriers (to deliv-
ery probes and signals, Fig. 18c), and nano-magnifier (to enhance
physical and chemical interactions, Fig. 18d).

Nano-catalyst, as a fruitful biosensing enhancement tool, is
able to amplify the transducing signals and improve the
sensitivity by introducing localized chemical reactions or initi-
ating enzyme-mimicking activities (known as nanozyme).>*>>*
For instance, nanomaterials such as porous Au@Pt NPs, Pd@Pt
NPs, Mn,0; NPs, and Fe;0, NPs have been used as effective
peroxidases for catalyzing a chromogenic reaction, while some of
them have been deployed for the amplification-based detection of
airborne pathogens.*>*>* Compared with biological enzymes,
nanozyme demonstrated higher catalytic stability, better resis-
tance to interference, ease of modification, and lower manufactur-
ing cost.>>* As a promising candidate, biosensing characteristics
such as robustness, stability, and biocompatibility for the
amplification-based detection of airborne pathogen should be
further investigated.

Additionally, functional nanomaterials such as quantum dots
(QDs) and upconverting nanoparticles (UCNPs) can be used as
effective nano-reporters and nano-magnifiers to enhance the
transducing signal or individually provide a secondary
readout.’****" For instance, based on the Forster resonance energy
transfer (FRET) effect, the designed conjugation of functionalized
QDs and AuNPs can be used to monitor the viral spike-ACE2
bindings.*®* Apart from the direct observation of the fluorescence
reaction generated by FRET, the amplified energy transfer signal
can also be quantified by highly sensitive approaches such as LSPR
and electrochemical sensors (Fig. 18e).'8¢1%%3

Nanomaterials, which may possess unique optical or elec-
tronic properties, can be directly used as nano-magnifiers to
amplify the biosensing signal. In particular, by enhancing light-
matter interactions, nanoparticles can achieve enhanced
Raman scattering (SERS) and fluorescence emission (SEF) at
the biosensing surface (Fig. 18f).***3%° For example, colloidal
silver nanoparticles can be utilized to capture airborne patho-
gens in a microfluidic system and subsequently employed as
nano-magnifiers to amplify the Raman signal for the real-time
quantification of bacteria such as S. epidermidis, M. luteus,
E. hirae, B. subtilis, and E. coli.**® Meanwhile, the photothermal
effect with plasmonic nanomaterials can also improve the biosen-
sing performance by tackling the diffusion limit in localized
biosensing surface.*®>?°?%” As shown in Fig. 18g, the immobi-
lized nanomaterials were able to create a nanoscale temperature
gradient and generate a thermo-viscous motion of particles. This
physical process can effectively improve the mass transfer effi-
ciency of nanoscale analytes such as the pathogens or their
fragments, thereby enabling indirect signal amplification.

The in-depth investigation and discussions of how to use
biological enzymes or nanoparticles to improve the biosensing
performance have been presented in numerous research works

This journal is © The Royal Society of Chemistry 2023
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Fig. 18 Nanomaterials are capable of amplifying the biosensing signal as (a) nano-catalyst, (b) nano-reporter, (c) nano-carrier, and (d) nano-magnifier. (e)
Quantum dot, as a functional nanomaterial, was used to modify the work electrode and amplify the airborne pathogen transducing signal based on the quantum-
enhanced carrier transportation. Reprinted with permission from ref. 361. Copyright (2022) Elsevier B.V. (f) AUNPs, as effective SERS nano-reporter and nano-
magnifier, can effectively enhance the biosensing sensitivity based on the nanoplasmonic coupling effect. Reprinted with permission from ref. 365. Copyright
(2022) Elsevier B.V. (g) Electrothermoplasmonic (ETP) effect based on plasmonic nanomaterials was used to overcome the diffusion limit through fluid convective
flow generation and enhanced thermo-viscous particle motion. Reprinted with permission from ref. 366. Copyright (2018) American Chemical Society.

recently,’!4323,328,317,352,354,368-370 mhege golutions have the

potential to be further developed as “plug-and-play” components
for adaptable biosensing systems, thereby achieving higher sensi-
tivity, selectivity, accuracy, and swiftness for bioaerosol sensing
applications. Meanwhile, these integrated biosensing system
could be employed as direct exposure measurement devices for
the highly reliable risk assessment of airborne pathogen trans-
mission. Compared with indirect modelling approaches, novel
biosensors will play a crucial and complementary role in the
research of bioaerosol transmission, public health intervention,
and disease prevention.

7 Conclusions and perspectives

Bioaerosol researches have been conducted for decades. However,
COVID-19 outbreak has once again brought to light the fact that

This journal is © The Royal Society of Chemistry 2023

bioaerosols and airborne pathogens play a critical role in the
transmission of specific diseases. A majority of environmentalists,
clinicians, and epidemiologists underestimated the potential of
bioaerosol transmission in the early stages of the COVID-19
outbreak. This has forced us to reflect again on whether common
bioaerosols also significantly impact our well-being and health
condition more universally in daily lives, e.g., by causing respira-
tory infection or sick building syndrome. This does require more
systematic research works by researchers from different commu-
nities and aspects.

On-site airborne pathogen detection with novel bioaerosol
sampling and quantitative analysis systems could provide a
straightforward approach to achieve swift airborne pathogen
exposure and transmission risk assessment. In this article, we
summarized the crucial physicochemical properties that
should be considered in on-site airborne pathogen detection.
We also provided a thorough analysis of recent developments
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in the on-site pathogen-laden aerosol sampling and biosensing
strategies with the consideration of these features. For instance,
a miniaturized aerosol-to-hydrosol sampling device with a high
ESEC performance can be employed for fast bioaerosol sam-
pling. Subsequently, the downstream biosensing system could
provide sensitive and reliable quantification results for estimat-
ing the airborne pathogen exposure and probability of infection
risk. More importantly, by considering the requirements for on-
site airborne pathogen detection and risk assessment, we also
establish the “SARSVAC” criteria for evaluating the biosensing

Roadmap for on-site airborne pathogens
detection and risk mitigation
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system, which means that the biosensing system should not only
be Sensitive, Accurate, Robust, and Swift but also have the
potential to be Versatile, Automated, and Connectable for imple-
mentation in distributed biosensor networks for the large-scale
risk assessment of bioaerosols. Notably, the present review
attempts to sketch the early stage of what is expected to become
a long journey, as shown in Fig. 19. Specifically, realizing reliable
on-site airborne pathogen detection and risk assessment
requires concerted efforts from epidemiologists, bioanalytical
chemists, air quality experts, material and data scientists. In the
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Fig. 19 The schematic illustration of roadmap for identifying the main research priorities in the field of airborne pathogen transmission, bioaerosol
sampling, on-site detection, early-warning, and risk assessments. Size-resolved transmission characterization, true concentration of airborne pathogens,
highly sensitive detection and trusted risk assessment still remain as challenges. Establishing a pathogens database of dose response model and
physiochemical characterizations for various airborne pathogens, as well as enhancing the efficiency of bioaerosol sampling and sensing, will be the key
to resolving the current issues and challenges.
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following two subsections, some perspectives and future oppor-
tunities are presented based on the current development status
and challenges encountered in on-site airborne pathogen detec-
tion and early-stage risk mitigation.

7.1 Future challenges and opportunities in the on-site
quantitative chemical analysis of pathogen-laden aerosols

To genuinely achieve the on-site quantification of trace quan-
tities of contagious airborne pathogens, additional develop-
ment under the “SARSVAC” criteria is required.

(1) Choosing an appropriate bioaerosol sampling strategy
for subsequent detection. The possible loss and inactivation of
the airborne pathogens may lead to severe underestimation in
quantitative chemical analysis. Particularly, some bioaerosol
sampling techniques, such as electrostatic and filtration-based
samplers, may damage the functionality of the pathogen recog-
nition sites, such as the nucleic acids or proteins (Fig. 15).
These damages may cause a failure or underestimation in the
downstream biosensing tests. Therefore, the potential damage to
the airborne pathogens should be minimized using established
or emerging biochemical strategies, thereby approaching an
accurate and trusted quantitative bioanalytical result. In addi-
tion, given that pathogens may be further diluted to extremely
low concentrations during airborne transmission, it may require
extremely long air sampling times to accrue sufficient pathogens
using low-flowrate bioaerosol collection systems, e.g., microflui-
dic bioaerosol samplers. This indicates aerosol sampling tech-
niques that are incapable of handling pathogen-containing air
samples of several liters per min have a significantly reduced
utility in many practical scenarios.

(2) Thoroughly considering the environmental impacts on the
pathogen-laden aerosols during the transmission, sampling, and
biosensing processes. The ideal “sampling-to-biosensing” proce-
dure can be quick and conducted on-site. However, the airborne
pathogens may still be significantly impacted by external environ-
mental conditions such as RH, temperature, irradiation, aerosol
PH, and airflow, leading to an underestimation of the transmis-
sion hazards. Accordingly, real-time environmental sensors can be
deployed for monitoring ambient conditions such as temperature,
irradiations, and RH (see Section 2.4) throughout the on-site
bioaerosol sampling and transducing procedures. This allows
for an estimation of pathogen degradation and inactivation.

(3) Improving the physical collection efficiency for nanoscale
bioaerosols and considering the potential “penetration/escape
window” in the pathogen-laden aerosol sampling. Pathogen-
laden aerosols may be distributed in a wide aerodynamic size
range from 20 nm to 0.2 mm (Fig. 5). Therefore, bioaerosol
samplers with a large cut-off diameter may lead to significant
pathogen loss. Meanwhile, some bioaerosol samplers may also
demonstrate a U-shaped “escape window”, as shown in Fig. 7i.
The intermediate airborne particles (with a diameter between
20 and 200 nm) have neither sufficient inertia to be efficiently
collected by interception, gravitational, inertial impact mechan-
isms, nor intense Brownian motion to be collected by diffusion.
Therefore, it is necessary to fully consider the loss in this
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“penetration/escape window” and further characterize or opti-
mize the bioaerosol sampler.

(4) Considering the viability and infectiousness of airborne
pathogens and developing on-site biosensing technology for
effective bioaerosol risk management. Current biosensing tech-
niques that rely on recognizing nucleic acids and protein
molecules primarily quantify all airborne pathogens, including
inactivated pathogens and their fragments. However, these
detection results do not inherently correlate with the true risk
of infection transmission because only viable pathogens can
induce infection. Few biosensing technologies currently exist
that can swiftly distinguish viable pathogens and characterize
their infectiousness. Using cutting-edge biosensing technolo-
gies, quantitative viability and infectiousness results should be
determined on-site as a crucial foundation for precise risk
assessment.

(5) Investigating the concentration of pathogens in airborne
particles as a function of aerosol size and their ability to initiate
infection (Fig. 19). This size-resolved pathogen dose is a crucial
metric for estimating the sampling loss, as discussed in item
(3). To investigate the size-resolved distribution of specific
airborne pathogens and the characteristics of long-distance
airborne transmission, it is advantageous to develop size-
selective bioaerosol samplers and highly-sensitive biosensors.
In addition, bioaerosol risks correlated with the particle size
and number concentration should be thoroughly investigated
via direct biosensing measurements.

(6) Considering the ESEC of a chosen bioaerosol sampler. A
high aerosol enrichment coefficient (ESEC) can enhance the
biosensing swiftness and sensitivity for on-site airborne patho-
gens detection. Generally, ESEC can be improved by integrating
high flowrate sampling units and miniaturized microfluidics.
Additionally, a multifunctional microfluidic system can also be
utilized as an effective method for rapidly pretreating and
transporting the collected bioaerosols for quantitative chemical
analysis.

(7) Improving the sensitivity and reliability of the biosensors
by leveraging the amplification strategies. Highly sensitive air-
borne pathogen detection can be achieved by improving the
intrinsic biosensor designs (Table S3, ESIt). This relies on
highly specific biorecognition receptors, coupled with fast
and intelligent transducing strategies. If a detection limit is
higher than the quantity of pathogen in the collected sample
volume, the selected biosensing technology is unsuitable for
use in risk assessment. Using preanalytical microfluidic sys-
tems to enrich pathogenetic targets may be a time-consuming
but still feasible routine. Meanwhile, nanozymatic and enzy-
matic chemical reactions can be incorporated into the novel
biosensing systems to further enhance the airborne pathogen
transducing sensitivity, as discussed in Section 6. The amplifi-
cation process should be fast, efficient, reliable, and robust in
magnifying the biosensing signal and quantifying the concen-
tration. However, in practical applications, achieving efficient
and stable signal amplification through chemical reactions still
remain challenging because of the complex interference from
airborne biochemical components. For instance, the dissolved
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ions may significantly impact the reactivity of enzymes, while
the airborne redox compounds may inhibit the catalytic activity
of the nanozyme. Consequently, the robustness of different
amplification strategies should be further investigated and
validated.

(8) Long-term utility and regeneration of biosensor systems
for multiple measurements. Although many different biosen-
sors have demonstrated excellent sensing performance for air-
borne pathogen quantification and risk assessment, many are
still stuck with disposable cartridges for a single or few times of
use. In consideration of the practical monitoring applications
and sustainability of biosensors over extended periods of time,
this could become a key barrier to widespread adoption. One
way to improve the long-term utility that is suitable for certain
airborne pathogen biosensors is to enable sensor-regeneration.
Multiple approaches are potentially available for biosensor regen-
eration. In the literature, pH control is the most commonly used
approach for the regeneration of antigenic epitopes-based biosen-
sors. Altering the temperature and ionic strength as well as using
strong detergents have been demonstrated to regenerate nucleic
acid-based biosensors. However, one current challenge pertains to
the absence of a clearly defined criteria for successful regenera-
tion. Hence, it is difficult to assess the effectiveness of different
regeneration procedures for detecting airborne pathogens. In
addition, affinity-based bioreceptors possessing excellent binding
affinity offer low detection limits for sensitive airborne pathogen
quantification, which implies that the regeneration of the biosen-
sors will be extremely difficult. Therefore, how to achieve high
binding affinity to the pathogenetic analyte in a reversible fashion
represents another critical challenge in the field.

(9) Developing a cost-effective and user-friendly on-site sensing
system for connectable sensor networks. With the aid of wireless
communication and IOT technologies, low-cost and user-friendly
biosensors could be deployed in numerous locations, covering
potential hotspots and forming high-density networks to provide
the real-time mapping of the airborne pathogen distribution. The
extreme version would consist of personal bioaerosol sensors that
individuals can carry and use to monitor the bioaerosol exposure
in their immediate vicinity, allowing for personal risk mitigation.
IoT bioaerosol sensors have the potential to revolutionize the
monitoring and management of bioaerosol exposures. As technol-
ogy continues to evolve, these sensors should be made more
intelligent and affordable, making them available to a wider range
of individuals.

(10) Translating the biosensing results to potential infection
risks and health impact. The concentration of airborne patho-
gens or bioaerosols detected by an on-site biosensing system
can be used to estimate the probability of individual risk.
Fig. 20 illustrated translated infection risk of COVID-19 infec-
tion based on different concentrations of airborne virus. By
measuring the exposure level of individuals to airborne patho-
gens in different environmental settings, the probability of
infection risk (e.g., 0.1%, 1%, 5%, and 63%) can be estimated.
The World Health Organization (WHO) suggested that face-to-
face contact with a case within 1 m and for >15 min can be
identified as a close contact and having a potential risk of
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infection.*”*

Based on the metanalysis results, the infection risk
(probability) for this reference scenario can be estimated to be
1%.%3¢ In addition, the airborne virus concentration based on
the indirect modeling approaches (Table 1) were also plotted in
Fig. 20. It is worth noting that the concentrations obtained by
modeling-based approaches usually have a large uncertainty of
2-3 orders of magnitude. Therefore, utilizing on-site biosensing
techniques or combining both modeling (indirect risk assess-
ment) and measurement (direct risk assessment) techniques
can result in a more precise risk management.

(11) Estimating the uncertainties and errors in on-site air-
borne pathogen detection. The majority of current biosensing
methods for measuring ambient pathogen concentration were
based on recognizing nucleic acid sequences or antigenic
proteins, without considering pathogenic infectivity and viabi-
lity. Risk assessment based on these results may lead to the
overestimation of airborne pathogens concentration and infec-
tion risk level. Therefore, future research should incorporate
biosensors that can differentiate the infectivity and viability of
airborne pathogens in order to accurately assess the amount of
viable pathogens as opposed to the total number of nucleic acid
copies or protein concentrations. These uncertainties caused by
the diversity of pathogen infectivity and viability should be fully
considered in subsequent risk assessment.

7.2 Future challenges and opportunities in risk assessments
and transmission risk mitigation

On-site exposure measurement and evidence-based infection risk
assessment are growing to be an important field for investigating
the health impact of airborne pathogens. An accurate on-site
bioaerosols detection system not only bridges the gap in the
conventional understanding of airborne pathogen spreading but
also provides a promising avenue for swift public health inter-
vention and decision-making. Despite their availability, on-site
airborne pathogen detection and quantification methods have not
been widely deployed in field applications due to technical or
expense considerations. Herein, we further discuss the future
development opportunities and challenges for evidence-based
risk assessment.

(1) Optimizing the emission and exposure model through
direct on-site measurement. Currently, epidemiological infor-
mation from previous infection cases is generally utilized for
estimating model-based bioaerosol emissions and individual
exposure. The individual differences, such as pathogen shedding
and the bioaerosols emission, are generally overlooked in the
model-based methods and therefore cause high uncertainties. This
explains why the simulated pathogen exposure and the actual
measured values can vary by one to two orders of magnitude.
The on-site airborne pathogen detection can be used as a direct
verification technique to further optimize the models and the
calculation parameters (e.g., pathogen inactivation rate, aerosol
deposition rate, and quanta conversion factors), thereby improving
the accuracy of the model-based exposure assessment.>°

(2) Optimizing the dose-response model through direct on-site
airborne pathogen measurement. On-site airborne pathogen detec-
tion with biosensors can provide accurate exposure information

This journal is © The Royal Society of Chemistry 2023
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with high spatiotemporal resolution for a specific infection
case. By calculating and fitting the infection correlation, a
pathogen-specific dose-response model can be effectively
retrieved. With further validation, this on-site airborne patho-
gen measurement approach may become a viable alternative to
the human-challenge (deliberate human infection) approach.
In addition, establishing a reliable and accessible database for
dose-response models of numerous airborne infectious dis-
eases is also essential. The IDs, values of a number of patho-
gens have been collated and reported in this review (Fig. 1 and
Table S1, ESIT), but further systematic and thorough validation
is still urgently needed.

(3) Employing a biosensing system with a high spatiotem-
poral resolution to investigate the aerodynamic nature of air-
borne pathogens. Currently, the majority of cases of airborne
pathogen transmission have been discovered through an indir-
ect method by ruling out other fomite- or contact-based infec-
tions. The absence of direct on-site biosensing instruments and
straightforward aerodynamic observations for airborne patho-
gens is one of the most importance factors. By deploying
on-site biosensors for swift and real-time bioaerosol detection,
the aerodynamic properties of pathogen-laden aerosols can
be more accurately characterized. To accomplish this goal,
however, further development in improving the sensing perfor-
mance and integration of bioaerosol sensing systems is still
highly demanded.

(4) Directly calculating the infection risk or bioaerosols
impact using the biosensing results and advising the maximum
exposure times for particular situations with a potential air-
borne pathogen presence. Though many integrated ‘“sampling-
to-biosensing” systems have succeeded in on-site bioaerosols
and airborne pathogens quantification, the biosensing results
have not been translated into an interpretable risk level and
utilized for epidemic management. For instance, the high
spatiotemporal airborne pathogen concentration measured by
biosensors can be potentially used to estimate maximum
tolerable exposure durations in different risk scenarios. Based
on the bioaerosol sensing results, a recent work reported that
the maximum exposure time in a high-risk COVID-19 patient
ward was estimated to be about 46 min for a susceptible
individual wearing an FFP2 facemask and engaging in low-
intensity activity (inhalation rate at 1.38 m®> h™").>° In future
work, the integrated on-site bioaerosol sensing system and
networks can be used to estimate personal infection probabil-
ities, occupancy limit, and maximum exposure period in an
indoor environment.

(5) Combining the direct on-site airborne pathogen
measurement method and the indirect exposure modelling
approach for smart decision making. A highly accurate on-site
biosensing system could provide a straightforward pathogen
exposure information. However, it may still be unaffordable or
impractical for large-scale biosensing network. Indirect modelling
approach could be more cost-effective and affordable. However,
inter-individual differences on pathogen emission are generally
not considered. Therefore, to carry out an effective risk assess-
ment for transmission mitigation, it is essential to investigate how

This journal is © The Royal Society of Chemistry 2023
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Fig. 20 Risk diagram for estimating the infection probability based on the
on-site biosensing results and calculated airborne SARS-CoV-2 concen-
trations. The different curves represent different infection risks, namely,
0.1%, 1%, 5%, and 63%. A higher infection risk (i.e., higher virus concentra-
tions and long exposure periods) implies an “unsafe” condition (red area),
while a lower risk of infection (green zone) implies a “safe” state. Depending
on the transmission scenario and population density, different thresholds
(defining safe and unsafe exposures) can be set to determine the maximum
exposure time at a specific pathogen concentration or the highest accep-
table pathogen concentration for a specific period of exposure time. The
red dots at 15 min exposure duration in the figure indicate the suggested
reference scenario of 1 m face-to-face contact and its infection risk at 1%,
while the other dots at 1 h exposure duration demonstrated the reported
airborne SARS-CoV-2 concentrations estimated by simulation in different
scenarios in the existing literature. The infection risk curve was calculated
based on IR =138 m* h™*.

to incorporate both direct measurement and indirect modelling
methodologies in an integrated smart sensing system. The opti-
mization of risk assessment should consider more significant
factors, such as vaccination and health status.

(6) Predicting infection, disease severity, and morbidity
using a distributed on-site airborne pathogen sensing network.
As a crucial spreading route for many infectious diseases, the
concentration or emergence of airborne pathogen can be used
as an effective factor to predict infection, disease severity,
morbidity, and hospitalization rates. Direct measurement find-
ings and a bigdata-based forecasting system could assist in
medical facilities match potential patients with the proper
degree of care capacity in order to more effectively manage
their limited medical resources amid a spike in infection cases.
As a result, the research priority may be used to further
interpret the results of on-site and real-time airborne pathogen
sensing from various locations, which may call for the com-
bined efforts of epidemiologists, analytical chemists, data
scientists, health care providers, and experts on air quality.

(7) Developing a decision support system by integrating
artificial intelligence (AI) and an on-site pathogen sensing
system (Fig. 21). AI decision-making system refers to the use
of Al algorithms to analyze the data obtained from bioaerosol
sensors and make decisions for risk mitigation. Biosensors can
be used to monitor airborne pathogen concentrations, personal
breath conditions, and other physiological parameters during
exposure. Based on the epidemiological data, an Al-mediated
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of airborne pathogens.

system can analyze the data to provide insights into the
transmission risks and suggest an adjustment to public health
intervention. In recent years, integrating risk assessment with
optical biosensors to facilitate risk management and informa-
tion sharing has been implemented in healthcare settings. If
Al-based decision-making systems can be incorporated into
networked bioaerosol sensors for intelligent and automated
risk assessment, a more credible and trustworthy early-warning
system will be realized.

In conclusion, we strive with this review not only to provide
comprehensive knowledge and insights about the recent
advancements in the on-site airborne pathogen biosensing but
also to further stimulate more in-depth reflection and research
works in related fields. In recent years, significant progress has
been made in understanding airborne transmission routes and
developing biosensing technology, particularly in the areas of
point-of-need detection and environmental monitoring. How-
ever, there is still considerable room for improvement in inte-
grating rapid bioaerosol samplers and conducting on-site risk
assessments for different types of airborne pathogens or bioaer-
osols. As mentioned, this review article only provides a snapshot
for an early stage of what is expected to become a long scientific
journey in on-site bioaerosol assessment. We look forward to the
advancements in on-site airborne pathogen sensing and their
applications in early-stage risk assessment. We intend for this
review article to provide a roadmap for identifying the main
research priorities and purposefully advancing on-site biosen-
sing technologies. More significantly, the reviewed pathogen-
laden aerosol sampling and biosensing technologies could also
provide a promising avenue for conducting critical bioaerosol
risk assessment and protecting the public health especially
in on-site bioaerosols measurement scenarios such as the mon-
itoring of high-risk pathogens at the check-in point of airplanes
or cruise ships, defending weaponized pathogen aerosols,
screening influenza variants at hospitals or other healthcare
settings, and monitoring sick building syndromes at different
workplaces.

8570 | Chem. Soc. Rev,, 2023, 52, 8531-8579

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

This research was supported by the National Research Program
(NRP 78 Covid-19, 198258) of the Swiss National Science
Foundation (SNSF).

Notes and references

1 C. C. Wang, K. A. Prather, J. Sznitman, J. L. Jimenez,
S. S. Lakdawala, Z. Tufekci and L. C. Marr, Science, 2021,
373, eabd9149.

2 J. W. Tang, L. C. Marr, Y. Li and S. J. Dancer, BMJ, 2021,
373.

3 L. Morawska and J. J. Cao, Environ. Int., 2020, 139, 105730.

4 B.]. Cowling, D. K. M. Ip, V. J. Fang, P. Suntarattiwong,
S.J. Olsen, J. Levy, T. M. Uyeki, G. M. Leung, J. S. M. Peiris,
T. Chotpitayasunondh, H. Nishiura and J. M. Simmerman,
Nat. Commun., 2013, 4, 1-6.

5 J. Yan, M. Grantham, J. Pantelic, P. J. B. de Mesquita,
B. Albert, F. ]J. Liu, S. Ehrman, D. K. Milton and
E. Consortium, Proc. Natl. Acad. Sci. U. S. A., 2018, 115,
1081-1086.

6 H. Kulkarni, C. M. Smith, D. D. H. Lee, R. A. Hirst,
A. J. Easton and C. O’Callaghan, Am. J. Respir. Crit. Care
Med., 2016, 194, 308-316.

7 1. T. S. Yu, Y. G. Li, T. W. Wong, W. Tam, A. T. Chan,
J. H. W. Lee, D. Y. C. Leung and T. Ho, N. Engl. J. Med.,
2004, 350, 1731-1739.

8 S.-H. Kim, S. Y. Chang, M. Sung, J. H. Park, H. Bin Kim,
H. Lee, J.-P. Choi, W. S. Choi and ].-Y. Min, Rev. Infect. Dis.,
2016, 63, 363-369.

9 T. Greenhalgh, J. L. Jimenez, K. A. Prather, Z. Tufekci,
D. Fisman and R. Schooley, Lancet, 2021, 397, 1603-1605.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00417a

Open Access Article. Published on 26 October 2023. Downloaded on 10/26/2025 9:47:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

V. Stadnytskyi, C. E. Bax, A. Bax and P. Anfinrud, Proc. Natl.
Acad. Sci. U. S. A., 2020, 117, 11875-11877.

Y. Liu, Z. Ning, Y. Chen, M. Guo, Y. L. Liu, N. K. Gali,
L. Sun, Y. S. Duan, J. Cai, D. Westerdahl, X. J. Liu, K. Xu,
K. F. Ho, H. D. Kan, Q. Y. Fu and K. Lan, Nature, 2020,
582, 557.

S. Cele, L. Jackson, D. S. Khoury, K. Khan, T. Moyo-Gwete,
H. Tegally, J. E. San, D. Cromer, C. Scheepers, D. G. Amoako,
F. Karim, M. Bernstein, G. Lustig, D. Archary, M. Smith,
Y. Ganga, Z. Jule, K. Reedoy, S. H. Hwa, ]J. Giandhari,
J. M. Blackburn, B. I. Gosnell, S. S. A. Karim,
W. Hanekom, A. von Gottberg, J. N. Bhiman, R. ]J. Lessells,
M.Y. S. Moosa, M. P. Davenport, T. de Oliveira, P. L. Moore,
A. Sigal, S. A. Ngs and C.-K. Team, Nature, 2022, 602, 654.
Y. L. Cao, J. Wang, F. C. Jian, T. H. Xiao, W. L. Song,
A.Yisimayi, W. J. Huang, Q. Q. Li, P. Wang, R. An, Y. Wang,
X. Niu, S. J. Yang, H. Liang, H. Y. Sun, T. Li, Y. L. Yu,
Q. Q. Cui, S. Liu, X. D. Yang, S. Du, Z. Y. Zhang, X. H. Hao,
F. Shao, R. H. Jin, X. X. Wang, J. Y. Xiao, Y. C. Wang and
X. S. Xie, Nature, 2022, 602, 657.

I. Lee, Y. Seok, H. J. Jung, B. Yang, ]J. Lee, J. Kim, H. Pyo,
C. S. Song, W. Choi, M. G. Kim and ]. Lee, ACS Sens., 2020,
5, 3915-3922.

H. R. Kim, S. An and J. Hwang, Biosens. Bioelectron, 2020,
170, 112656.

J. H. Yang, J. Jung, S. Kim, Y. Cho and J. ]J. Yoh, Sci. Total
Environ., 2021, 770.

J. Bhardwaj, M. W. Kim and J. Jang, Environ. Sci. Technol.,
2020, 54, 10690-10702.

G. Qiu, Z. Gai, L. Saleh, J. Tang, T. Gui, G. A. Kullak-Ublick
and J. Wang, ACS Nano, 2021, 15, 7536-7546.

H. Xiong, X. Ye, Y. Li, J. Qi, X. Fang and ]J. Kong, Anal.
Chem., 2021, 93, 4270-4276.

G. Qiu, M. Spillmann, J. Tang, Y.-B. Zhao, Y. Tao, X. Zhang,
H. Geschwindner, L. Saleh, W. Zingg and J. Wang, Adv. Sct.,
2022, 9, 2204774.

J. Ki, I. H. Kwon, J. Lee, J. Lim, S. Jang, S. U. Son, S. B. Seo,
S. Y. Oh, T. Kang, J. Jung, K. G. Lee, J. Hwang and
E.-K. Lim, J. Hazard. Mater., 2023, 460, 132398.

J. V. V. Puthussery, D. P. P. Ghumra, K. R. R. McBrearty,
B. M. M. Doherty, B. J. J. Sumlin, A. Sarabandi, A. G. Mandal,
N. J. J. Shetty, W. D. D. Gardiner, J. P. P. Magrecki,
D. L. L. Brody, T. J. J. Esparza, T. L. L. Bricker,
A. C. M. Boon, C. M. M. Yuede, J. R. R. Cirrito and
R. K. K. Chakrabarty, Nat. Commun., 2023, 14, 3692.

J. P. Maestre, D. Jarma, J. R. F. Yu, J. A. Siegel, S. D. Horner
and K. A. Kinney, Sci. Total Environ., 2021, 778, 146201.
C. Stein-Zamir, N. Abramson, H. Shoob, E. Libal, M. Bitan,
T. Cardash, R. Cayam and I. Miskin, Eurosurveillance, 2020,
25, 2001352.

C. Ou, S. Hu, K. Luo, H. Yang, J. Hang, P. Cheng, Z. Hai,
S. Xiao, H. Qian and S. Xiao, Build. Environ., 2022,
207, 108414.

L. Goldberg, Y. Levinsky, N. Marcus, V. Hoffer, M. Gafner,
S. Hadas, S. Kraus, M. Mor and O. Scheuerman, Open
Forum Infect. Dis., 2021, 8, ofab036.

This journal is © The Royal Society of Chemistry 2023

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

View Article Online

Review Article

M. Klompas, M. A. Baker, C. Rhee, R. Tucker, K. Fiumara,
D. Griesbach, C. Bennett-Rizzo, H. Salmasian, R. Wang
and N. Wheeler, Ann. Intern. Med., 2021, 174, 794-802.
H. Gu, P. Krishnan, D. Y. Ng, L. D. Chang, G. Y. Liu,
S. S. Cheng, M. M. Hui, M. C. Fan, J. H. Wan and L. H. Lau,
Emerging Infect. Dis., 2022, 28, 460.
Y. G. Li, H. Qian, J. Hang, X. G. Chen, P. Cheng, H. Ling,
S. Q. Wang, P. Liang, J. S. Li, S. L. Xiao, J. J. Wei, L. Liu,
B. ]J. Cowling and M. Kang, Build. Environ., 2021,
196, 107788.
N. C. Khanh, P. Q. Thai, H. L. Quach, N. A. H. Thi,
P. C. Dinh, T. N. Duong, L. Q. T. Mai, N. D. Nghia,
T. A. Tu, L. N. Quang, T. D. Quang, T. T. Nguyen, F. Vogt
and D. D. Anh, Emerging Infect. Dis., 2020, 26, 2617-2624.
C. Stein-Zamir, N. Abramson, H. Shoob, E. Libal, M. Bitan,
T. Cardash, R. Cayam and I. Miskin, Eurosurveillance, 2020,
25, 2-6.
S. Y. Park, Y. M. Kim, S. Yi, S. Lee, B. J. Na, C. B. Kim,
J.1. Kim, H. S. Kim, Y. B. Kim, Y. Park, I. S. Huh, H. K. Kim,
H. ]J. Yoon, H. Jang, K. Kim, Y. Chang, I. Kim, H. Lee,
J. Gwack, S. S. Kim, M. Kim, S. Kweon, Y. J. Choe, O. Park,
Y. J. Park and E. K. Jeong, Emerging Infect. Dis., 2020, 26,
1666-1670.
S. L. Miller, W. W. Nazaroff, J. L. Jimenez, A. Boerstra,
G. Buonanno, S. J. Dancer, J. Kurnitski, L. C. Marr,
L. Morawska and C. Noakes, Indoor Air, 2021, 31, 314-323.
P.Y. Chia, K. K. Coleman, Y. K. Tan, S. W. X. Ong, M. Gum,
S. K. Lau, X. F. Lim, A. S. Lim, S. Sutjipto, P. H. Lee,
T. T. Son, B. E. Young, D. K. Milton, G. C. Gray, S. Schuster,
T. Barkharn, P. P. De, S. Vasoo, M. Chan, B. S. P. Ang,
B. H. Tan, Y. S. Leo, O. T. Ng, M. S. Y. Wong, K. Marimuthu
and O. Singapore Novel Coronavirus, Nat. Commun., 2020,
11, 1-7.
G. Buonanno, L. Stabile and L. Morawska, Environ. Int.,
2020, 141, 105794.
Peng, A. P. Rojas, E. Kropff, W. Bahnfleth, G. Buonanno,
Dancer, J. Kurnitski, Y. Li, M. G. Loomans and
C. Marr, Environ. Sci. Technol., 2022, 56, 1125-1137.
Pourfattah, L.-P. Wang, W. Deng, Y.-F. Ma, L. Hu and
. Yang, Phys. Fluids, 2021, 33.

Ratnesar-Shumate, K. Bohannon, G. Williams,
Holland, M. Krause, B. Green, D. Freeburger and
Dabisch, Aerosol Sci. Technol., 2021, 55, 975-986.
Moitra, M. Alafeef, K. Dighe, P. Ray, J. M. Chang,

Thole, B. Punshon-Smith, M. Tolosa,

S. Ramamurthy, X. D. Ge, D. D. Frey, D. P. Pan and
. D. Rao, Biotechnol. Bioeng., 2021, 118, 3029-3036.
P. Wan, H. D. Cui, W. H. Zhou, W. Fu, F. Yang, Z. Y. Wang,
X. M. Du, P. K. Chu and X. F. Yu, Nanoscale, 2021, 13,
18084-18088.
X. Jiang, J. C. Loeb, M. H. Pan, T. B. Tilly, A. Eiguren-
Fernandez, J. A. Lednicky, C. Y. Wu and Z. H. Fan, Anal.
Chim. Acta, 2021, 1165.
M. Jin, S. J. Tang, J. H. Chen, X. C. Yu, H. W. Shu, Y. S. Tao,
A. K. Chen, Q. H. Gong, X. J. Wang and Y. F. Xiao, Nat.
Commun., 2021, 12, 1973.

QLPTIERLEEL AN

Chem. Soc. Rev,, 2023, 52, 8531-8579 | 8571


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00417a

Open Access Article. Published on 26 October 2023. Downloaded on 10/26/2025 9:47:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

43

44

45
46

47

48

49

50

51

52

53

54

55
56
57

58

59

60

61

62

63

64

65

8572 |

A. Suea-Ngam, L. Bezinge, B. Mateescu, P. D. Howes,
A.J. deMello and D. A. Richards, ACS Sens., 2020, 5, 2701-2723.
G. G. Qiu, Z. B. Gai, Y. L. Tao, J. Schmitt, G. A. Kullak-
Ublick and J. Wang, ACS Nano, 2020, 14, 5268-5277.

W. F. Wells, Am. J. Epidemiol., 1934, 20, 611-618.

W. F. Wells and M. W. Wells, J. Am. Med. Assoc., 1936, 107,
1698-1703.

H. Mbareche, M. Veillette, G. J. Bilodeau and C. Duchaine,
Sci. Total Environ., 2019, 653, 253-263.

T. F. Booth, B. Kournikakis, N. Bastien, J. Ho, D. Kobasa,
L. Stadnyk, Y. Li, M. Spence, S. Paton, B. Henry,
B. Mederski, D. White, D. E. Low, A. McGeer, A. Simor,
M. Vearncombe, J. Downey, F. B. Jamieson, P. Tang and
F. Plummer, J. Infect. Dis, 2005, 191, 1472-1477.

J. S. Kutter, M. L. Spronken, P. L. Fraaij, R. A. Fouchier and
S. Herfst, Curr. Opin. Virol., 2018, 28, 142-151.

C. M. Visagie, Y. Hirooka, J. B. Tanney, E. Whitfield,
K. Mwange, M. Meijer, A. S. Amend, K. A. Seifert and
R. A. Samson, Stud. Mycol., 2014, 63-139, DOI: 10.1016/
j-simyco.2014.07.002.

J. A. Lednicky, M. Lauzardo, M. M. Alam, M. A. Elbadry,
C. J. Stephenson, J. C. Gibson and ]J. G. Morris Jr, Int.
J. Infect. Dis., 2021, 108, 212-216.

J. Hu, C. F. Lei, Z. Chen, W. H. Liu, X. J. Hu, R. J. Pei,
Z. Y. Su, F. Deng, Y. Huang, X. L. Sun, J. J. Cao and
W. X. Guan, Natl. Sci. Rev., 2020, 7, 1865-1867.

N. Eichler, C. Thornley, T. Swadi, T. Devine, C. McElnay,
J. Sherwood, C. Brunton, F. Williamson, J. Freeman and
S. Berger, Emerging Infect. Dis., 2021, 27, 1274.

A. Fox-Lewis, F. Williamson, J. Harrower, X. Ren,
G. ]J. Sonder, A. McNeill, J. de Ligt and J. L. Geoghegan,
Emerging Infect. Dis., 2021, 28, 501.

D. Lewis, Nature, 2022, 604, 26-31.

K. P. Fennelly, Lancet Respir. Med., 2020, 8, 914-924.

R. Dhand and J. Li, Am. J. Respir. Crit. Care Med., 2020, 202,
651-659.

S. L. Miller, W. W. Nazaroff, J. L. Jimenez, A. Boerstra,
G. Buonanno, S. J. Dancer, J. Kurnitski, L. C. Marr,
L. Morawska and C. Noakes, Indoor Air, 2021, 31, 314-323.
G. Johnson, L. Morawska, Z. Ristovski, M. Hargreaves,
K. Mengersen, C. Y. H. Chao, M. Wan, Y. Li, X. Xie and
D. Katoshevski, J. Aerosol Sci, 2011, 42, 839-851.

L. Morawska, G. Buonanno, A. Mikszewski and L. Stabile,
Nat. Rev. Phys., 2022, 4, 723-734.

G. R. Johnson and L. Morawska, J. Aerosol Med. Pulm. Drug
Deliv., 2009, 22, 229-237.

J. Gralton, E. R. Tovey, M. L. McLaws and W. D. Rawlinson,
J. Med. Virol., 2013, 85, 2151-2159.

D. K. Milton, M. P. Fabian, B. J. Cowling, M. L. Grantham
and J. J. McDevitt, PLoS Pathogens, 2013, 9, €1003205.

D. A. Edwards, D. Ausiello, J. Salzman, T. Devlin, R. Langer,
B. J. Beddingfield, A. C. Fears, L. A. Doyle-Meyers,
R. K. Redmann and S. Z. Killeen, Proc. Natl. Acad. Sci. U.
S. A., 2021, 118, €2021830118.

R. R. Netz and W. A. Eaton, Proc. Natl. Acad. Sci. U. S. A.,
2020, 117, 25209-25211.

Chem. Soc. Rev., 2023, 52, 8531-8579

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

View Article Online

Chem Soc Rev

W. C. Hinds, Aerosol technology: properties, behavior, and
measurement of airborne particles, John Wiley & Sons, 1999.
P. M. de Oliveira, L. C. C. Mesquita, S. Gkantonas, A. Giusti
and E. Mastorakos, Proc. R. Soc. A, 2021, 477, 20200584.
R. Mittal, R. Ni and ]J.-H. Seo, J. Fluid Mech., 2020, 894, F2.
L. Bourouiba, JAMA, 2020, 323, 1837-1838.

S. Niazi, R. Groth, K. Spann and G. R. Johnson, Environ.
Pollut., 2021, 276, 115767.

K. Lin and L. C. Marr, Environ. Sci. Technol., 2019, 54,
1024-1032.

J. Ly, J. Gu, K. Li, C. Xu, W. Su, Z. Lai, D. Zhou, C. Yu, B. Xu
and Z. Yang, Emerging Infect. Dis., 2020, 26, 1628.

M. Omahony, A. Lakhani, A. Stephens, J. G. Wallace,
E. R. Youngs and D. Harper, Epidemiol. Infect., 1989, 103,
285-292.

T. J. Dondero, R. C. Rendtorff, G. F. Mallison, R. M. Weeks,
J. S. Levy, E. W. Wong and W. Schaffner, N. Engl. J. Med.,
1980, 302, 365-370.

Y. Zhao, A. J. A. Aarnink, M. C. M. De Jong and
P. W. G. G. Koerkamp, Crit. Rev. Environ. Sci. Technol.,
2014, 44, 1071-1128.

H. Bai, L.-Y. He, D.-L. Wu, F.-Z. Gao, M. Zhang, H.-Y. Zou,
M.-S. Yao and G.-G. Ying, Environ. Int., 2022, 158, 106927.
J. H. Schreck, M. J. Lashaki, J. Hashemi, M. Dhanak and
S. Verma, Phys. Fluids, 2021, 33, 033320.

J.-X. Wang, Y.-Y. Li, X.-D. Liu and X. Cao, Phys. Fluids, 2020,
32, 081703.

Y..y Li, J.-X. Wang and X. Chen, Phys. Fluids, 2020,
32, 065107.

D. L. Jones, M. Q. Baluja, D. W. Graham, A. Corbishley,
J. E. McDonald, S. K. Malham, L. S. Hillary, T. R. Connor,
W. H. Gaze and 1. B. Moura, Sci. Total Environ., 2020,
749, 141364.

G. A. Somsen, C. van Rijn, S. Kooij, R. A. Bem and D. Bonn,
Lancet Respir. Med., 2020, 8, 658-659.

L. J. Goldberg, H. M. S. Watkins, E. E. Boerke and
M. A. Chatigny, Am. J. Hyg., 1958, 68, 85-93.

N. van Doremalen, T. Bushmaker, D. H. Morris,
M. G. Holbrook, A. Gamble, B. N. Williamson, A. Tamin,
J. L. Harcourt, N. J. Thornburg, S. I. Gerber, J. O. Lloyd-
Smith, E. de Wit and V. J. Munster, N. Engl. J. Med., 2020,
382, 1564-1567.

A. C. Fears, W. B. Klimstra, P. Duprex, A. Hartman,
S. C. Weaver, K. S. Plante, D. Mirchandani, J. A. Plante,
P. V. Aguilar and D. Fernandez, Emerging Infect. Dis., 2020,
26, 2168.

P. Dabisch, M. Schuit, A. Herzog, K. Beck, S. Wood,
M. Krause, D. Miller, W. Weaver, D. Freeburger and
1. Hooper, Aerosol Sci. Technol., 2021, 55, 142-153.

K. H. Chan, J. S. MalikPeiris, S. Y. Lam, L. L. M. Poon,
K. Y. Yuen and W. H. Seto, Adv. Virol., 2011, 2011, 734690.
G. Jiang, J. Ma, C. Wang, Y. Wang and A. A. Laghari, Sci.
Total Environ., 2022, 832, 155033.

J. Biryukov, J. A. Boydston, R. A. Dunning, J. J. Yeager, S. Wood,
A. L. Reese, A. Ferris, D. Miller, W. Weaver, N. E. Zeitouni,
A. Phillips, D. Freeburger, I. Hooper, S. Ratnesar-Shumate,

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1016/j.simyco.2014.07.002
https://doi.org/10.1016/j.simyco.2014.07.002
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00417a

Open Access Article. Published on 26 October 2023. Downloaded on 10/26/2025 9:47:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

J. Yolitz, M. Krause, G. Williams, D. G. Dawson, A. Herzog,
P. Dabisch, V. Wahl, M. C. Hevey and L. A. Altamura, Msphere,
2020, 5, DOL: 10.1128/msphere.00441-20.

E. McFadden Jr, B. Pichurko, H. F. Bowman, E. Ingenito,
S. Burns, N. Dowling and J. Solway, J. Appl. Physiol., 1985,
58, 564-570.

P. V’kovski, M. Gultom, J. N. Kelly, S. Steiner, J. Russeil,
B. Mangeat, E. Cora, J. Pezoldt, M. Holwerda and
A. Kratzel, PLoS Biol., 2021, 19, e3001158.

H. P. Oswin, A. E. Haddrell, M. Otero-Fernandez, J. F. Mann,
T. A. Cogan, T. Hilditch, J. Tian, D. Hardy, D. ]J. Hill and
A. Finn, Proc. Natl. Acad. Sci. U.S.A, 2022, 119, €2200109119.
K. Lin, C. R. Schulte and L. C. Marr, PLoS One, 2020,
15, €0243505.

A. Aganovic, Y. Bi, G. Y. Cao, F. Drangsholt, J. Kurnitski
and P. Wargocki, Build. Environ., 2021, 205, 108278.

S. Niazi, K. R. Short, R. Groth, L. Cravigan, K. Spann,
Z. Ristovski and G. R. Johnson, Environ. Sci. Technol. Lett.,
2021, 8, 412-418.

M. Schuit, S. Ratnesar-Shumate, J. Yolitz, G. Williams,
W. Weaver, B. Green, D. Miller, M. Krause, K. Beck and
. Wood, J. Infect. Dis., 2020, 222, 564-571.

R. Rathnasinghe, S. Jangra, L. Miorin, M. Schotsaert,
C. Yahnke and A. Garcia-Sastre, Sci. Rep., 2021, 11, 1-10.
T. T. Nguyen, C. He, R. Carter, E. L. Ballard, K. Smith,

195]

R. Groth, E. Jaatinen, T. J. Kidd, R. M. Thomson, G. Tay,
G. R. Johnson, S. C. Bell and L. D. Knibbs, J. Hosp. Infect.,
2023, 132, 133-139.

M. S. Yao, L. Zhang, J. X. Ma and L. Zhou, Sci. Total
Environ., 2020, 731, 139178.

B. Clavo, E. Cordoba-Lanus, F. Rodriguez-Esparragon,
S. E. Cazorla-Rivero, O. Garcia-Perez, ]J. E. Pinero,
J. Villar, A. Blanco, C. Torres-Ascension, J. L. Martin-
Barrasa, J. M. Gonzalez-Martin, P. Serrano-Aguilar and
J. Lorenzo-Morales, Antioxidants, 2020, 9, 1222.

B. Bayarri, A. Cruz-Alcalde, N. Lopez-Vinent, M. M. Mico
and C. Sans, J. Hazard. Mater., 2021, 415, 125658.

J. J. Cao, Y. C. Zhang, Q. J. Chen, M. S. Yao, R. ]. Pei,
Y. Wang, Y. Yue, Y. Huang, J. Wang and W. X. Guan,
Aerosol Sci. Eng., 2021, 5, 516-523.

G. Ko, M. First and H. Burge, Tubercle Lung Dis., 2000, 80,
217-228.

M.-H. Woo, A. Grippin, D. Anwar, T. Smith, C.-Y. Wu and
J. D. Wander, Appl. Environ. Microbiol., 2012, 78, 5781-5787.
R. Alon, M. Sportiello, S. Kozlovski, A. Kumar, E. C. Reilly,
A. Zarbock, N. Garbi and D. J. Topham, Nat. Rev. Immunol.,
2021, 21, 49-64.

G. Buonanno, L. Morawska and L. Stabile, Environ. Int.,
2020, 145, 106112.

A. Mikszewski, L. Stabile, G. Buonanno and L. Morawska,
Geoscience Frontiers, 2021, 101285.

B. Jones, P. Sharpe, C. Iddon, E. A. Hathway, C. J. Noakes
and S. Fitzgerald, Build. Environ., 2021, 191, 107617.

J. Lelieveld, F. Helleis, S. Borrmann, Y. Cheng,
F. Drewnick, G. Haug, T. Klimach, J. Sciare, H. Su and
U. Poschl, Int. J. Environ. Res. Public Health, 2020, 17, 8114.

This journal is © The Royal Society of Chemistry 2023

109

110

111

112

113

114

115

116

117

118

119

120

121
122

123

124

125

126

127

128

129

130

131

View Article Online

Review Article

N. H. L. Leung, D. K. W. Chuy, E. Y. C. Shiu, K. H. Chan,
J. J. McDevitt, B. J. P. Hau, H. L. Yen, Y. G. Li, D. K. M. Ip,
J. S. M. Peiris, W. H. Seto, G. M. Leung, D. K. Milton and
B. ]. Cowling, Nat. Med., 2020, 26, 676-680.

T. Watanabe, T. A. Bartrand, M. H. Weir, T. Omura and
C. N. Haas, Risk Anal., 2010, 30, 1129-1138.

A. C. Fears, W. B. Klimstra, P. Duprex, A. Hartman,
S. C. Weaver, K. Plante, D. Mirchandani, J. Plante,
P. V. Aguilar and D. Fernandez, Emerg. Infect. Dis., 2020,
26, 2168, DOI: 10.3201/eid2609.201806.

X. He, E. H. Lau, P. Wu, X. Deng, J. Wang, X. Hao,
Y. C. Lau, J. Y. Wong, Y. Guan and X. Tan, Nat. Med.,
2020, 26, 672-675.

M. Riediker, L. Briceno-Ayala, G. Ichihara, D. Albani,
D. Poffet, D. H. Tsai, S. Iff and C. Monn, Swiss Med. Wkly.,
2022, 152.

V. Vuorinen, M. Aarnio, M. Alava, V. Alopaeus, N. Atanasova,
M. Auvinen, N. Balasubramanian, H. Bordbar, P. Erdstd and
R. Grande, Saf. Sci., 2020, 130, 104866.

J. Wei and Y. Li, Build. Environ., 2015, 93, 86-96.

G. Brankston, L. Gitterman, Z. Hirji, C. Lemieux and
M. Gardam, Lancet Infect. Dis., 2007, 7, 257-265.

J. H.-w Lee, V. Chu and V. H. Chu, Turbulent jets and
plumes: a Lagrangian approach, Springer Science & Business
Media, 2003.

L. Gammaitoni and M. C. Nucci, Emerging Infect. Dis., 1997,
3, 335.

X. Zhang, Z. Ji, Y. Yue, H. Liu and J. Wang, Environ. Sci.
Technol., 2020, 55, 4123-4133.

A. C. Lai and W. W. Nazaroff, J. Aerosol Sci, 2000, 31, 463-476.
C. Li and H. Tang, Sustainable Cities Soc., 2022, 76, 103424.
P. Carlotti, B. Massoulié, A. Morez, A. Villaret, L. Jing,
T. Vrignaud and A. Pfister, Build. Environ., 2022, 108756,
DOI: 10.1016/j.buildenv.2022.108756.

G. Cortellessa, L. Stabile, F. Arpino, D. E. Faleiros,
W. V. Bos, L. Morawska and G. Buonanno, Sci. Total
Environ., 2021, 794, 148749,

M. Portarapillo and A. Di Benedetto, J. Loss Prev. Process
Indust., 2021, 72, 104584.

Y. D. Shang, J. L. Dong, L. Tian, F. J. He and J. Y. Tu,
J. Aerosol Sci, 2022, 162, 105943.

E. Rivas, J. L. Santiago, F. Martin and A. Martilli, J. Build.
Eng., 2022, 46, 103725.

W. S. Wang, F. Wang, D. Y. Lai and Q. Y. Chen, Indoor Air,
2022, 32.

W. Q. Guo, Y. Y. Fu, R. Jia, Z. D. Guo, C. Su, J. M. Li,
X. G. Zhao, Y. F. Jin, P. H. Li, J. B. Fan, C. Zhang, P. T. Qu,
H. Cui, S. Gao, H. L. Cheng, J. J. Li, X. Li, B. Lu, X. X. Xu and
Z.Y. Wang, Environ. Int., 2022, 162.

Y. Hy, Y. H. Wu, Q. Wang, J. Hang, Q. M. Li, ]J. Liang,
H. Ling and X. L. Zhang, Atmosphere, 2022, 13, 28.

M. S. Islam, P. Larpruenrudee, A. R. Paul, G. Paul, T. Gemci,
Y. T. Gu and S. C. Saha, Phys. Fluids, 2021, 33, 061903.

C. C. Wang, K. A. Prather, J. Sznitman, J. L. Jimenez,
S. S. Lakdawala, Z. Tufekci and L. C. Marr, Science, 2021,
373, eabd9149.

Chem. Soc. Rev,, 2023, 52, 8531-8579 | 8573


https://doi.org/10.1128/msphere.00441-20
https://doi.org/10.3201/eid2609.201806
https://doi.org/10.1016/j.buildenv.2022.108756
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00417a

Open Access Article. Published on 26 October 2023. Downloaded on 10/26/2025 9:47:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

132

133

134

135
136

137

138

139

140

141

142

143

144

145

146

147

148

149
150

8574 |

E. Monchatre-Leroy, S. Lesellier, M. Wasniewski, E. Picard-
Meyer, C. Richomme, F. Boue, S. Lacote, S. Murri,
C. Pulido, J. Vulin, F. J. Salguero, M. A. Gouilh, A. Servat
and P. Marianneau, J. Gen. Virol., 2021, 102, 001567.

Y. I. Kim, S. G. Kim, S. M. Kim, E. H. Kim, S. J. Park,
K. M. Yu, J. H. Chang, E. J. Kim, S. Lee, M. A. B. Casel,
J. Um, M. S. Song, H. W. Jeong, V. D. Lai, Y. Kim,
B. S. Chin, J. S. Park, K. H. Chung, S. S. Foo, H. Poo,
I. P. Mo, O. J. Lee, R. J. Webby, J. U. Jung and Y. K. Choi,
Cell Host Microbe, 2020, 27, 704.

K. A. Ryan, K. R. Bewley, S. A. Fotheringham, G. S. Slack,
P. Brown, Y. Hall, N. I. Wand, A. C. Marriott, B. E. Cavell,
J. A. Tree, L. Allen, M. J. Aram, T. J. Bean, E. Brunt,
K. R. Buttigieg, D. P. Carter, R. Cobb, N. S. Coombes,
S. J. Findlay-Wilson, K. J. Godwin, K. E. Gooch, J. Gouriet,
R. Halkerston, D. J. Harris, T. H. Hender, H. E. Humphries,
L. Hunter, C. M. K. Ho, C. L. Kennard, S. Leung, S. Longet,
D. Ngabo, K. L. Osman, J. Paterson, E. J. Penn, S. T. Pullan,
E. Rayner, O. Skinner, K. Steeds, I. Taylor, T. Tipton,
S. Thomas, C. Turner, R. J. Watson, N. R. Wiblin,
S. Charlton, B. Hallis, ]J. A. Hiscox, S. Funnell,
M. J. Dennis, C. J. Whittaker, M. G. Catton, J. Druce,
F.]. Salguero and M. W. Carroll, Nat. Commun., 2021, 12, 81.
A. K. Akobeng, Arch. Dis. Child., 2005, 90, 845-848.

D. K. Chu, E. A. Akl, S. Duda, K. Solo, S. Yaacoub,
H. J. Schunemann, A. El-Harakeh, A. Bognanni, T. Lotfi,
M. Loeb and A. Hajizadeh, Lancet, 2020, 395, 1973-1987.
X. L. Zhang and J. Wang, Clin. Infect. Dis, 2021, 73, E241-E245.
R. L. Sanson, J. Gloster and L. Burgin, Vet. Rec., 2011, 169,
336-U344.

L. Rocha-Melogno, K. Crank, M. H. Bergin, G. C. Gray,
K. Bibby and M. A. Deshusses, Environ. Technol., 2023, 44,
1201-1212.

L. Marcus, Faculty and Scientists at the Harvard TH Chan
School of Public Health, Harvard University, Cambridge,
MA, USA, 2020.

M. Riediker and C. Monn, Aerosol Air Qual. Res., 2021,
21, 200531.

M. Z. Bazant and J. W. M. Bush, Proc. Natl. Acad. Sci.
U. S. A., 2021, 118, €2018995118.

E. C. Riley, G. Murphy and R. L. Riley, Am. J. Epidemiol.,
1978, 107, 421-432.

X. D. Li, D. Lester, G. Rosengarten, C. Aboltins, M. Patel
and 1. Cole, Sci. Total Environ., 2022, 812, 152592.

J. M. Carcione, J. E. Santos, C. Bagaini and ]. Ba, Front.
Public Health, 2020, 8, 230.

D. Efimov and R. Ushirobira, Annu. Rev. Control, 2021, 51,
477-487.

N. Zhang, P. Cheng, W. Jia, C. H. Dung, L. Liu, W. Z. Chen,
H. Lei, C. C. Kan, X. Y. Han, B. N. Su, S. L. Xiao, H. Qian,
B. R. Lin and Y. G. Li, Build. Environ., 2020, 180, 107106.
S. Guha, P. Hariharan and M. R. Myers, Aerosol Sci.
Technol., 2014, 48, 1226-1235.

D. K. Milton, J. Pediatric. Infect. Dis. Soc., 2020, 9, 413-415.
A. X. Y. Ang, 1. Luhung, B. A. Ahidjo, D. I. Drautz-Moses,
P. A. Tambyah, C. K. Mok, K. J. X. Lau, S. M. Tham,

Chem. Soc. Rev,, 2023, 52, 8531-8579

151

152

153

154

155

156

157

158

159

160
161

162
163

164

165

166

167

168

169

170

171

172

173

174

175

View Article Online

Chem Soc Rev

J. J. H. Chu, D. M. Allen and S. C. Schuster, Indoor Air, 2022,
32, €12930.

H. R. Ghaffari, H. Farshidi, V. Alipour, K. Dindarloo,
M. H. Azad, M. Jamalidoust, A. Madani, T. Aghamolaei,
Y. Hashemi, M. Fazlzadeh and Y. Fakhri, Environ. Sci.
Pollut. Res., 2022, 29, 85612-85618.

M. Schuit, S. Gardner, J. Taylor and P. Dabisch, PLoS Negl.
Trop. Dis, 2021, 15, e0009001.

R. G. Passos, M. B. Silveira and J. S. Abrahdo, Environ. Res.,
2021, 195, 110808.

D. Verreault, S. Moineau and C. Duchaine, Microbiol. Mol.
Biol. Rev., 2008, 72, 413-444.

J. Li, A. Leavey, Y. Wang, C. O’Neil, M. A. Wallace, C.-A.
D. Burnham, A. C. Boon, H. Babcock and P. Biswas,
J. Aerosol Sci, 2018, 115, 133-145.

C.-C. Tseng and C.-S. Li, J. Aerosol Sci, 2005, 36, 593-607.
R. A. Stern, A. Al-Hemoud, B. Alahmad and P. Koutrakis,
Sci. Total Environ., 2021, 782, 146799.

S. V. Hering, R. C. Flagan and S. K. Friedlander, Environ.
Sci. Technol., 1978, 12, 667-673.

T.-C. Hsiao, S.-H. Huang, C.-W. Hsu, C.-C. Chen and
P.-K. Chang, J. Aerosol Sci, 2015, 86, 1-12.

A. Avci and 1. Karagoz, J. Aerosol Sci, 2003, 34, 937-955.
X. Ma, Z. Fang, F. Li and K. Hu, Biotechnol. Biotechnol.
Equip., 2020, 34, 640-651.

B. Zhao and Y. Su, J. Aerosol Sci., 2018, 120, 1-11.

J. L. Santarpia, V. L. Herrera, D. N. Rivera, S. Ratnesar-
Shumate, S. P. Reid, D. N. Ackerman, P. W. Denton,
J. W. Martens, Y. Fang and N. Conoan, J. Expo. Sci. Environ.
Epidemiol., 2021, 1-6, DOI: 10.1038/s41370-021-00376-8.
X.Y. Li, H. X. Chen, X. Qi, Y. J. Peng, L. Zhou, J. X. Ma and
M. S. Yao, Aerosol Air Quality Res., 2021, 21, 210130.

S. Dunker, T. Hornick, G. Szczepankiewicz, M. Maier,
M. Bastl, J. Bumberger, R. Treudler, U. G. Liebert and
J.-C. Simon, Sci. Total Environ., 2021, 755, 142881.

G. Mainelis, K. Willeke, A. Adhikari, T. Reponen and
S. A. Grinshpun, 4erosol Sci. Technol., 2002, 36, 1073-1085.
G. Pardon, L. Ladhani, N. Sandstrom, M. Ettori, G. Lobov and
W. van der Wijngaart, Sens. Actuators, B, 2015, 212, 344-352.
H. R. Kim, S. An and ]J. Hwang, /. Hazard. Mater., 2021,
412, 1252109.

E. Mescioglu, A. Paytan, B. W. Mitchell and D. W. Griffin,
Aerobiologia, 2021, 37, 447-459.

X. Zhou, Z. Li, Z. Zhang, L. Zhu and Q. Liu, Talanta, 2022,
242, 122989.

S. Hong, J. Bhardwaj, C.-H. Han and J. Jang, Environ. Sci.
Technol., 2016, 50, 12365-12372.
K. Fukuda, M. Yoshida, K. Noto, K. Kitabayashi,

S. Katsushima, H. Sonehara, K. Mizuno and A. Mizuno,
ResearchSquare, 2022, DOI: 10.21203/rs.3.rs-1236810/v1.
R. Yamashiro, T. Misawa and A. Sakudo, Sci. Rep., 2018, 8,
1-13.

K. Sekimoto, R. Gonda and M. Takayama, J. Phys. D: Appl.
Phys., 2015, 48, 305401.

M. Gracanin, C. L. Hawkins, D. I. Pattison and M. J. Davies,
Free Radical Biol. Med., 2009, 47, 92-102.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1038/s41370-021-00376-8
https://doi.org/10.21203/rs.3.rs-1236810/v1
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00417a

Open Access Article. Published on 26 October 2023. Downloaded on 10/26/2025 9:47:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192
193

194

195

196

197

198

L. Ladhani, G. Pardon, P. Moons, H. Goossens and W. van
der Wijngaart, Front. Mech. Eng.-Switz., 2020, 6, 40.

K. J. Heo, H. S. Ko, S. B. Jeong, S. B. Kim and J. H. Jung,
Nano Lett., 2021, 21, 1017-1024.

H. N. Phan and A. R. McFarland, Aerosol Sci. Technol., 2004,
38, 300-310.

A. A. Pochtovyi, V. V. Bacalin, N. A. Kuznetsova, M. A. Nikiforova,
E. V. Shidlovskaya, B. I. Verdiev, E. N. Milashenko, A. M.
Shchetinin, A. B. Ol'ga and L. V. Kolobukhina, Aerosol Air Qual.
Res., 2021, 21, 200604.

Z.-D. Guo, Z.-Y. Wang, S.-F. Zhang, X. Li, L. Li, C. Li, Y. Cui,
R.-B. Fu, Y.-Z. Dong and X.-Y. Chi, Emerging Infect. Dis.,
2020, 26, 1586.

A. Piri, H. R. Kim and ]J. Hwang, J. Hazard. Mater., 2020,
384, 121477.

X. J. Lin, T. A. Reponen, K. Willeke, S. A. Grinshpun,
K. K. Foarde and D. S. Ensor, Atmos. Environ., 1999, 33,
4291-4298.

M. Lin, H. Yue, T. Tian, E. Xiong, D. Zhu, Y. Jiang and
X. Zhou, Anal. Chem., 2022, 94, 8277-8284.

A. Kenarkoohi, Z. Noorimotlagh, S. Falahi, A. Amarloei,
S. A. Mirzaee, 1. Pakzad and E. Bastani, Sci. Total Environ.,
2020, 748, 141324.

S. Faridi, S. Niazi, K. Sadeghi, K. Naddafi, J. Yavarian,
M. Shamsipour, N. Z. S. Jandaghi, K. Sadeghniiat,
R. Nabizadeh, M. Yunesian, F. Momeniha, A. Mokamel,
M. S. Hassanvand and T. MokhtariAzad, Sci. Total Environ.,
2020, 725, 138401.

K. Willeke, X. Lin and S. A. Grinshpun, Aerosol Sci. Tech-
nol., 1998, 28, 439-456.

X. Lin, T. Reponen, K. Willeke, Z. Wang, S. A. Grinshpun
and M. Trunov, Aerosol Sci. Technol., 2000, 32, 184-196.
C. Hogan Jr, E. Kettleson, M. H. Lee, B. Ramaswami,
L. Angenent and P. Biswas, J. Appl. Microbiol., 2005, 99,
1422-1434.

K. Ardon-Dryer, Y.-W. Huang and D. ]J. Cziczo, Atmos.
Chem. Phys., 2015, 15, 9159-9171.

S. A. Grinshpun, C.-W. Chang, A. Nevalainen and
K. Willeke, J. Aerosol Sci, 1994, 25, 1503-1522.

U. N. Lee, T. L. van Neel, F. Y. Lim, J. W. Khor, J. Y. He,
R. S. Vaddi, A. Q. W. Ong, A. Tang, ]J. Berthier,
J. S. Meschke, I. V. Novosselov, A. B. Theberge and
E. Berthier, Anal. Chem., 2021, 93, 11433-11441.

T. Gemci and F. Ebert, J. Aerosol Sci, 1992, 23, 769-772.
H. Kim, C. Jung, S. Oh and K. Lee, Environ. Eng. Sci., 2001,
18, 125-136.

B. R. Mohan, R. Jain and B. Meikap, Sep. Purif. Technol.,
2008, 63, 269-277.

A. del Corno, S. Morandi, F. Parozzi, L. Araneo and
F. Casella, Nucl. Eng. Des., 2017, 311, 28-34.

J. Kim, J. J. Kim and S. ]J. Lee, Build. Environ., 2020,
175, 106797.

X. Bian, Y. Lan, B. Wang, Y. S. Zhang, B. Liu, P. Yang,
W. Zhang and L. Qiao, Anal. Chem., 2016, 88, 11504-11512.
Q. Liu, X. Zhang, Y. Yao, W. Jing, S. Liu and G. Sui, Sens.
Actuators, B, 2018, 258, 1138-1145.

This journal is © The Royal Society of Chemistry 2023

199

200

201
202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

View Article Online

Review Article

I. Mirzaee, M. Song, M. Charmchi and H. Sun, Lab Chip,
2016, 16, 2254-2264.

J. Choi, S. C. Hong, W. Kim and J. H. Jung, ACS Sens., 2017,
2, 513-521.

H. R. Kim, S. An and J. Hwang, ACS Sens., 2020, 5, 2763-2771.
Z. Ma, Y. Zheng, Y. Cheng, S. Xie, X. Ye and M. Yao,
J. Aerosol Sci., 2016, 95, 84-94.

L. Wang, W. Z. Qi, Y. J. Liu, D. Essien, Q. Zhang and
J. H. Lin, Anal. Chem., 2021, 93, 9013-9022.

Y.-B. Zhao, J. Tang, T. Cen, G. Qiu, W. He, F. Jiang, R. Yu,
C. Ludwig and ]. Wang, Sens. Actuators, B, 2022, 351, 130903.
S. C. Hong, J. S. Kang, J. E. Lee, S. S. Kim and J. H. Jung,
Lab Chip, 2015, 15, 1889-1897.

W. Tang, S. Zhu, D. Jiang, L. Zhu, J. Yang and N. Xiang, Lab
Chip, 2020, 20, 3485-3502.

S. Oh, D. Anwar, A. Theodore, J.-H. Lee, C.-Y. Wu and
J. Wander, J. Aerosol Sci., 2010, 41, 889-894.

M. Pan, A. Eiguren-Fernandez, H. Hsieh, N. Afshar-
Mohajer, S. V. Hering, J. Lednicky, Z. Hugh Fan and
C. Y. Wu, J. Appl. Microbiol., 2016, 120, 805-815.

X.-T. Lin, N.-Y. Hsu, J.-R. Wang, N.-T. Chen, H.-J. Su and
M.-Y. Lin, Environ. Sci. Pollut. Res., 2018, 25, 3884-3893.
J. Degois, M.-E. Dubuis, N. Turgeon, M. Veillette and
C. Duchaine, Aerosol Sci. Technol., 2021, 55, 653-664.

J. A. Lednicky, M. Lauzard, Z. H. Fan, A. Jutla, T. B. Tilly,
M. Gangwar, M. Usmani, S. N. Shankar, K. Mohamed and
A. Eiguren-Fernandez, Int. J. Infect. Dis., 2020, 100, 476-482.
H.-B. Kwon, S.J. Yoo, U.-S. Hong, K. Kim, J. Han,
M.-K. Kim, D.-H. Kang, J. Hwang and Y.-J. Kim, Lab Chip,
2019, 19, 1471-1483.

H.-B. Kwon, S.-J. Yoo and Y.-J. Kim, Lab Chip, 2020, 20,
1092-1102.

N. Wang, A. R. Ferhan, B. K. Yoon, J. A. Jackman, N.-J. Cho
and T. Majima, Chem. Soc. Rev., 2021, 50, 9741-9765.

R. Li, L. Cui, M. Chen and Y. Huang, Aerosol Sci. Eng., 2021,
5, 1-11.

R. Zenhausern, C.-H. Chen and J.-Y. Yoon, Biomicrofluidics,
2021, 15, 011503.

A. Dalili, H. Montazerian, K. Sakthivel, N. Tasnim and
M. Hoorfar, Sens. Actuators, B, 2021, 329, 129204.

Y.-T. Yeh, Y. Tang, A. Sebastian, A. Dasgupta, N. Perea-
Lopez, 1. Albert, H. Lu, M. Terrones and S.-Y. Zheng, Sci.
Adv., 2016, 2, €1601026.

Y.-T. Yeh, K. Gulino, Y. Zhang, A. Sabestien, T.-W. Chou,
B. Zhou, Z. Lin, L. Albert, H. Lu and V. Swaminathan, Proc.
Natl. Acad. Sci., 2020, 117, 895-901.

R. Turiello, L. M. Dignan, B. Thompson, M. Poulter,
J. Hickey, J. Chapman and ]J. P. Landers, Anal. Chem.,
2022, 94, 3287-3295.

A. Luchini, D. H. Geho, B. Bishop, D. Tran, C. Xia,
R. L. Dufour, C. D. Jones, V. Espina, A. Patanarut and
W. Zhou, Nano Lett., 2008, 8, 350-361.

V. Sunkara, S. Kumar, J. Sabaté Del Rio, I. Kim and
Y.-K. Cho, Acc. Chem. Res., 2021, 54, 3643-3655.

N. Shafagati, L. Lundberg, A. Baer, A. Patanarut, K. Fite,
B. Lepene and K. Kehn-Hall, PLoS One, 2015, 10, €0128215.

Chem. Soc. Rev,, 2023, 52, 8531-8579 | 8575


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00417a

Open Access Article. Published on 26 October 2023. Downloaded on 10/26/2025 9:47:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

224

225

226

227

228

229

230

231

232

233

234

235

236

237
238

239

240

8576 |

L. M. Dignan, R. Turiello, T. R. Layne, K. C. O’Connell,
J. Hickey, J. Chapman, M. D. Poulter and J. P. Landers,
Anal. Chim. Acta, 2021, 1180, 338846.

P. Fozouni, S. Son, M. D. de Le6n Derby, G. ]J. Knott,
C. N. Gray, M. V. D’Ambrosio, C. Zhao, N. A. Switz,
G. R. Kumar and S. I. Stephens, Cell, 2020, 184, 323-333.
M. Patchsung, K. Jantarug, A. Pattama, K. Aphicho,
S. Suraritdechachai, P. Meesawat, K. Sappakhaw,
N. Leelahakorn, T. Ruenkam, T. Wongsatit,
N. Athipanyasilp, B. Eiamthong, B. Lakkanasirorat,
T. Phoodokmai, N. Niljianskul, D. Pakotiprapha,
S. Chanarat, A. Homchan, R. Tinikul, P. Kamutira,
K. Phiwkaow, S. Soithongcharoen, C. Kantiwiriyawanitch,
V. Pongsupasa, D. Trisrivirat, J. Jaroensuk, T. Wongnate,
S. Maenpuen, P. Chaiyen, S. Kamnerdnakta, J. Swangsri,
S. Chuthapisith, Y. Sirivatanauksorn, C. Chaimayo,
R. Sutthent, W. Kantakamalakul, J. Joung, A. Ladha,
X. Jin, J. S. Gootenberg, O. O. Abudayyeh, F. Zhang,
N. Horthongkham and C. Uttamapinant, Nat. Biomed.
Eng., 2020, 4, 1140-1149.

L. T. Nguyen, B. M. Smith and P. K. Jain, Nat. Commun.,
2020, 11, 4906.

A. Frutiger, A. Tanno, S. Hwu, R. F. Tiefenauer, J. Voros and
N. Nakatsuka, Chem. Rev., 2021, 121, 8095-8160.

J. Baggerman, M. M. Smulders and H. Zuilhof, Langmuir,
2019, 35, 1072-1084.

J. R. Sperling, G. Macias, S. L. Neale and A. W. Clark, ACS
Appl. Mater. Interfaces, 2018, 10, 34774-34780.

M. Alafeef, K. Dighe, P. Moitra and D. Pan, ACS Nano, 2020,
14, 17028-17045.

G. Seo, G. Lee, M. ]J. Kim, S.-H. Baek, M. Choi, K. B. Ku,
C.-S. Lee, S. Jun, D. Park and H. G. Kim, ACS Nano, 2020,
14, 5135-5142.

S. Gould, B. Atkinson, O. Onianwa, A. Spencer, J. Furneaux,
J. Grieves, C. Taylor, I. Milligan, A. Bennett, T. Fletcher,
J. Dunning and N. H. S. E. A. H. Conseque, Lancet Microbe,
2022, 3, E904-E911.

H. T. Yang and Z. H. Rao, Nat. Rev. Microbiol., 2021, 19,
685-700.

C. O. Barnes, A. P. West, K. E. Huey-Tubman, M. A. G.
Hoffmann, N. G. Sharaf, P. R. Hoffman, N. Koranda,
H. B. Gristick, C. Gaebler, F. Muecksch, J. C. C. Lorenzi,
S. Finkin, T. Hagglof, A. Hurley, K. G. Millard, Y. Weisblum,
F. Schmidt, T. Hatziioannou, P. D. Bieniasz, M. Caskey,
D. F. Robbiani, M. C. Nussenzweig and P. J. Bjorkman, Cell,
2020, 182, 828.

J. Zhang, H. Yang, W. Liu, H. Wen and F. He, Anal. Chim.
Acta, 2022, 1190, 339266.

F. R. R. Teles and M. L. Martins, Talanta, 2011, 85, 2254-2264.
R. Lu, X. Zhao, J. Li, P. Niu, B. Yang, H. Wu, W. Wang,
H. Song, B. Huang and N. Zhu, Lancet, 2020, 395, 565-574.
V. M. Corman, O. Landt, M. Kaiser, R. Molenkamp,
A. Meijer, D. K. Chu, T. Bleicker, S. Briinink, J. Schneider
and M. L. Schmidt, Eurosurveillance, 2020, 25, 2000045.
T. Stakenborg, J. Raymenants, A. Taher, E. Marchal,
B. Verbruggen, S. Roth, B. Jones, A. Yurt, W. Duthoo,

Chem. Soc. Rev,, 2023, 52, 8531-8579

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256
257

View Article Online

Chem Soc Rev

K. Bombeke, M. Fauvart, J. Verplanken, R. S. Wiederkehr,
A. Humbert, C. Dang, E. Vlassaks, A. L. J. Uribe, Z. Luo,
C. Liu, K. Zinoviev, R. Labie, A. D. Frederiks, J. Saldien,
K. Covens, P. Berden, B. Schreurs, J. Van Duppen,
R. Hanifa, M. Beuscart, V. Pham, E. Emmen,
. Dewagtere, Z. Lin, M. Peca, Y. El Jerrari, C. Nawghane,
. Arnett, A. Lambrechts, P. Deshpande, K. Lagrou, P. De
Munter, E. Andre, N. Van den Wijngaert and P. Peumans,
Biosens. Bioelectron, 2022, 217, 114663.

B. Udugama, P. Kadhiresan, H. N. Kozlowski, A. Malekjahani,
M. Osborne, V. Y. C. Li, H. M. Chen, S. Mubareka, J. B. Gubbay
and W. C. W. Chan, ACS Nano, 2020, 14, 3822-3835.

B. D. Kevadiya, J. Machhi, J. Herskovitz, M. D. Oleynikov,
W. R. Blomberg, N. Bajwa, D. Soni, S. Das, M. Hasan and
M. Patel, Nat. Mater., 2021, 20, 593-605.

H. Yue, M. Huang, T. Tian, E. Xiong and X. Zhou, ACS
Nano, 2021, 15, 7848-7859.

J. P. Broughton, X. D. Deng, G. X. Yu, C. L. Fasching,
V. Servellita, J. Singh, X. Miao, ]. A. Streithorst,
A. Granados, A. Sotomayor-Gonzalez, K. Zorn, A. Gopez,
E. Hsu, W. Gu, S. Miller, C. Y. Pan, H. Guevara,
D. A. Wadford, J. S. Chen and C. Y. Chiu, Nat. Biotechnol.,
2020, 38, 870-874.

E. Xiong, L. Jiang, T. Tian, M. Hu, H. Yue, M. Huang,
W. Lin, Y. Jiang, D. Zhu and X. Zhou, Angew. Chem., Int.
Ed., 2021, 60, 5307-5315.

J. S. Chen, E. Ma, L. B. Harrington, M. Da Costa, X. Tian,
J. M. Palefsky and J. A. Doudna, Science, 2018, 360,
436-439.

Q. N. Xue, X. Y. Kan, Z. H. Pan, Z. Y. Li, W. W. Pan, F. Zhou
and X. X. Duan, Biosens. Bioelectron., 2021, 186, 113286.
A. G. Ayankojo, R. Boroznjak, J. Reut, A. Opik and
V. Syritski, Sens. Actuators, B, 2022, 353, 131160.

Y. Song, J. Song, X. Wei, M. Huang, M. Sun, L. Zhu, B. Lin,
H. Shen, Z. Zhu and C. Yang, Anal. Chem., 2020, 92,
9895-9900.

J. Deng, F. Tian, C. Liu, Y. Liu, S. Zhao, T. Fu, J. Sun and
W. Tan, J. Am. Chem. Soc., 2021, 143, 7261-7266.

D. Wrapp, N. Wang, K. S. Corbett, J. A. Goldsmith,
C.-L. Hsieh, O. Abiona, B. S. Graham and J. S. McLellan,
Science, 2020, 367, 1260-1263.

R. A. Langan, S. E. Boyken, A. H. Ng, J. A. Samson, G. Dods,
A. M. Westbrook, T. H. Nguyen, M. ]. Lajoie, Z. Chen and
S. Berger, Nature, 2019, 572, 205-210.

A. Quijano-Rubio, H.-W. Yeh, J. Park, H. Lee, R. A. Langan,
S. E. Boyken, M. ]. Lajoie, L. Cao, C. M. Chow and
M. C. Miranda, Nature, 2021, 591, 482-487.

L. d’Amone, G. Matzeu, A. Quijano-Rubio, G. P. P.
Callahan, B. Napier, D. Baker and F. G. G. Omenetto,
Adv. Mater., 2023, 35, 2208556.

T. H. Rider, M. S. Petrovick, F. E. Nargi, J. D. Harper, E. D.
Schwoebel, R. H. Mathews, D. J. Blanchard, L. T. Bortolin,
A. M. Young and J. Chen, Science, 2003, 301, 213-215.

M. Baker, Nature, 2015, 521, 274.

T. A. Egelhofer, A. Minoda, S. Klugman, K. Lee,
P. Kolasinska-Zwierz, A. A. Alekseyenko, M.-S. Cheung,

A
C

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00417a

Open Access Article. Published on 26 October 2023. Downloaded on 10/26/2025 9:47:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276
277

278

279

280

D. S. Day, S. Gadel and A. A. Gorchakov, Nat. Struct. Mol.
Biol., 2011, 18, 91-93.

T. A. Bates, J. B. Weinstein, H. C. Leier, W. B. Messer and
F. G. Tafesse, Cell Rep., 2021, 34, 108737.

D. Grieshaber, R. MacKenzie, J. Voros and E. Reimhult,
Sensors, 2008, 8, 1400-1458.

N. J. Ronkainen, H. B. Halsall and W. R. Heineman, Chem.
Soc. Rev., 2010, 39, 1747-1763.

F. Jiang, B. Liu, Y. Yue, Y. Tao, Z. Xiao, M. Li, Z. Ji, J. Tang,
G. Qiu, M. Spillmann, J. Cao, L. Zhang and J. Wang, Adv.
Sci., 2023, 10, 2301222.

L. Syedmoradi, M. Daneshpour, M. Alvandipour,
F. A. Gomez, H. Hajghassem and K. Omidfar, Biosens.
Bioelectron., 2017, 87, 373-387.

P. Teengam, W. Siangproh, S. Tontisirin, A. Jiraseree-
amornkun, N. Chuaypen, P. Tangkijvanich, C. S. Henry,
N. Ngamrojanavanich and O. Chailapakul, Sens. Actuators,
B, 2021, 326, 128825.

M. A. Zamzami, G. Rabbani, A. Ahmad, A. A. Basalah,
W. H. Al-Sabban, S. N. Ahn and H. Choudhry, Bioelectro-
chemistry, 2022, 143, 107982.

R. Zhang, P. Wang, Y. Chang and M. Liu, Anal. Chem.,
2022, 94, 16752-16758.

Y. Yu, H. Y. Y. Nyein, W. Gao and A. Javey, Adv. Mater.,
2020, 32, 1902083.

Q. K. Vu, Q. H. Tran, N. P. Vu, T. L. Anh, T. T. L. Dang,
T. Matteo and T. H. H. Nguyen, Mater. Today Commun.,
2021, 26.

C. Park, J. Lee, D. Lee and J. Jang, Sens. Actuators, B, 2022,
355, 131321.

F. Mazur, A. D. Tjandra, Y. Zhou, Y. Gao and
R. Chandrawati, Nat. Rev. Bioeng., 2023, 1, 180-192.

F. Arduini, L. Micheli, D. Moscone, G. Palleschi,
S. Piermarini, F. Ricci and G. Volpe, TrAC, Trends Anal.
Chem., 2016, 79, 114-126.

L. Fabiani, M. Saroglia, G. Galata, R. De Santis, S. Fillo,
V. Luca, G. Faggioni, N. D’Amore, E. Regalbuto and
P. Salvatori, Biosens. Bioelectron., 2020, 171, 112686.

P.-H. Lin and B.-R. Li, Analyst, 2020, 145, 1110-1120.

M. ]J. Russo, M. Han, P. E. Desroches, C. S. Manasa,
J. Dennaoui, A. F. Quigley, R. M. Kapsa, S. E. Moulton,
R. M. Guijt and G. W. Greene, ACS Sens., 2021, 6, 1482-1507.
C. Jiang, G. Wang, R. Hein, N. Liu, X. Luo and J. J. Davis,
Chem. Rev., 2020, 120, 3852-3889.

A. B. Asha, Y. Chen and R. Narain, Chem. Soc. Rev., 2021,
50, 11668-11683.

C. Chen and J. S. Wang, Analyst, 2020, 145, 1605-1628.
M. Soler, M. C. Estevez, M. Cardenosa-Rubio, A. Astua and
L. M. Lechuga, ACS Sens., 2020, 5, 2663-2678.

G.Y.Qiu, S. P. Ng and C. M. L. Wu, Sens. Actuators, B, 2018,
265, 459-467.

A. Pramanik, Y. Gao, S. Patibandla, D. Mitra,
M. G. McCandless, L. A. Fassero, K. Gates, R. Tandon
and P. C. Ray, J. Phys. Chem. Lett., 2021, 12, 2166-2171.
R. Funari, K.-Y. Chu and A. Q. Shen, Biosens. Bioelectron.,
2020, 169, 112578.

This journal is © The Royal Society of Chemistry 2023

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

View Article Online

Review Article

M. Alafeef, P. Moitra, K. Dighe and D. Pan, ACS Nano, 2021,
15, 13742-13758.

P. Moitra, M. Alafeef, K. Dighe, M. Frieman and D. Pan,
ACS Nano, 2020, 14, 7617-7627.

G. Baffou, F. Cichos and R. Quidant, Nat. Mater., 2020, 19,
946-958.

G. Qiy, Y. Yue, J. Tang, Y.-B. Zhao and J. Wang, Environ. Sci.
Technol., 2020, 54.

E. C. Lin, J. Fang, S. C. Park, F. W. Johnson and
H. O. Jacobs, Nat. Commun., 2013, 4, 1636.

J. Choi, J. Lee and J. H. Jung, Biosens. Bioelectron., 2020,
169, 112611.

Y. Yang, Y. S. Peng, C. L. Lin, L. Long, J. Y. Hu, J. He,
H. Zeng, Z. R. Huang, Z. Y. Li, M. Tanemura, J. L. Shi,
J- R. Lombardi and X. Y. Luo, Nano-Micro Lett., 2021, 13,
1-13.

BioFlash Biological Identifer detects airborne SARS-CoV-2,
https://www.smithsdetection.com/helping-detect-covid-19/,
accessed April 31, 2023.

H. Altug, S.-H. Oh, S. A. Maier and ]J. Homola, Nat.
Nanotechnol., 2022, 17, 5-16.

J. K. Tang, G. Y. Qiu and ]J. Wang, Chemosensors, 2022,
10, 15.

A. Stambaugh, J. W. Parks, M. A. Stott, G. G. Meena,
A. R. Hawkins and H. Schmidt, Proc. Natl. Acad. Sci. U. S. A.,
2021, 118, €2103480118.

C. Szydzik, A. Fernandez Gavela, S. Herranz, J. Roccisano,
M. Knoerzer, P. Thurgood, K. Khoshmanesh, A. Mitchell
and L. M. Lechuga, Lab Chip, 2017, 17, 2793-2804.

0. Strohmeier, M. Keller, F. Schwemmer, S. Zehnle,
D. Mark, F. von Stetten, R. Zengerle and N. Paust, Chem.
Soc. Rev., 2015, 44, 6187-6229.

F. Narita, Z. J. Wang, H. Kurita, Z. Li, Y. Shi, Y. Jia and
C. Soutis, Adv. Mater., 2021, 33, 2005448.

D. K. Agarwal, V. Nandwana, S. E. Henrich, V. Josyula,
C. S. Thaxton, C. Qi, L. M. Simons, J. F. Hultquist,
E. A. Ozer, G. S. Shekhawat and V. P. Dravid, Biosens.
Bioelectron, 2022, 195, 113647.

M. Li, H. X. Tang and M. L. Roukes, Nat. Nanotechnol.,
2007, 2, 114-120.

G. Shekhawat, S. H. Tark and V. P. Dravid, Science, 2006,
311, 1592-1595.

H. S. Wasisto, S. Merzsch, A. Waag, E. Uhde, T. Salthammer
and E. Peiner, Sens. Actuators, B, 2013, 187, 118-127.

S. Salomon, T. Leichle, D. Dezest, F. Seichepine, S. Guillon,
C. Thibault, C. Vieu and L. Nicu, Nanotechnology, 2012, 23.
T. Leichle, L. Nicu and T. Alava, ACS Sens., 2020, 5,
3297-3305.

M. L. Bell, F. Dominici, K. Ebisu, S. L. Zeger and
J. M. Samet, Environ. Health Perspect., 2007, 115, 989-995.
J. Bhardwaj, A. Sharma and ]. Jang, Biosens. Bioelectron.,
2019, 126, 36-43.

Y. C. Meng, M. Asghari, M. K. Aslan, A. Yilmaz, B. Mateescu,
S. Stavrakis and A. J. deMello, Chem. Eng. J, 2021, 404.

H. B. Qin, H. J. Qiu, S. T. He, B. X. Hong, K. Liu, F. X. Lou,
M. C. Li, P. Hu, X. H. Kong, Y. J. Song, Y. C. Liu, M. F. Pu,

Chem. Soc. Rev,, 2023, 52, 8531-8579 | 8577


https://www.smithsdetection.com/helping-detect-covid-19/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00417a

Open Access Article. Published on 26 October 2023. Downloaded on 10/26/2025 9:47:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

305

306

307

308

309

310

311

312

313
314

315

316

317

318

319

320

321

322

323

324

325

326

8578 |

P. J. Han, M. Z. Li, X. P. An, L. H. Song, Y. G. Tong,
H. H. Fan and R. X. Wang, J. Hazard. Mater., 2022,
430, 128414.

Y. Tang, L. Gao, W. Feng, C. Guo, Q. Yang, F. Li and
X. C. Le, Chem. Soc. Rev., 2021, 50, 11844-11869.

X. Ding, K. Yin, Z. Y. Li, R. V. Lalla, E. Ballesteros,
M. M. Sfeir and C. C. Liu, Nat. Commun., 2020, 11, 1-10.
F. Shen, M. Tan, Z. Wang, M. Yao, Z. Xu, Y. Wu, J. Wang,
X. Guo and T. Zhu, Environ. Sci. Technol., 2011, 45,
7473-7480.

K. T. Park, D. G. Cho, J. W. Park, S. Hong and J. Hwang, Sci.
Rep., 2015, 5, 17462.

G. Sung, C. Ahn, A. Kulkarni, W. G. Shin and T. Kim,
J. Mech. Sci. Technol., 2017, 31, 4363-4369.

J. Shin, H. R. Kim, P. K. Bae, H. Yoo, J. Kim, Y. Choi,
Y. B. Shin, J. Hwang and S. Hong, Sci. Rep., 2021, 11, 16776.
H. U. Kim, J. Min, G. Park, D. Shin, G. Sung, T. Kim and
M. H. Lee, Aerosol Air Qual. Res., 2018, 18, 2721-2727.

L. Jiao, W. Q. Xu, Y. Wu, H. Y. Yan, W. L. Gu, D. Du,
Y. H. Lin and C. Z. Zhu, Chem. Soc. Rev., 2021, 50, 750-765.
J. P. Lei and H. X. Ju, Chem. Soc. Rev., 2012, 41, 2122-2134.
M. Mohammadniaei, M. Zhang, ]. Ashley,
U. B. Christensen, L. ]J. Friis-Hansen, R. Gregersen,
J. G. Lisby, T. L. Benfield, F. E. Nielsen and J. Henning
Rasmussen, Nat. Commun., 2021, 12, 1-12.

B. A. Rabe and C. Cepko, Proc. Natl. Acad. Sci. U. S. A., 2020,
117, 24450-24458.

Y. Kim, J. Gonzales and Y. B. Zheng, Small, 2021,
17, 2004988.

W. B. Liu, L. Liu, G. M. Kou, Y. Q. Zheng, Y. J. Ding,
W. X. Ni, Q. S. Wang, L. Tan, W. L. Wu, S. Tang, Z. Xiong
and S. G. Zheng, J. Clin. Microbiol., 2020, 58, DOI: 10.1128/
jem.00461-20.

A. M. Ichzan, S. H. Hwang, H. Cho, C. San Fang, S. Park,
G. Kim, ]J. Kim, P. Nandhakumar, B. Yu, S. Jon, K. S. Kim
and H. Yang, Biosens. Bioelectron, 2021, 179, 113065.

H. E. Kim, A. Schuck, S. H. Lee, Y. Lee, M. Kang and
Y.-S. Kim, Biosens. Bioelectron., 2021, 182, 113168.

J. Xu, X. Qiu and N. Hildebrandt, Nano Lett., 2021, 21,
4802-4808.

B. Tian, F. Gao, J. Fock, M. Dufva and M. F. Hansen,
Biosens. Bioelectron., 2020, 165, 112356.

L. ]J. Carter, L. V. Garner, J. W. Smoot, Y. Z. Li, Q. Q. Zhou,
C. J. Saveson, J. M. Sasso, A. C. Gregg, D. J. Soares,
T. R. Beskid, S. R. Jervey and C. Liu, ACS Cent. Sci., 2020,
6, 591-605.

Y. X. Zhao, F. Chen, Q. Li, L. H. Wang and C. H. Fan, Chem.
Rev., 2015, 115, 12491-12545.

T. Notomi, H. Okayama, H. Masubuchi, T. Yonekawa,
K. Watanabe, N. Amino and T. Hase, Nucleic Acids Res.,
2000, 28, €63.

M. M. Alj, F. Li, Z. Q. Zhang, K. X. Zhang, D. K. Kang,
J. A. Ankrum, X. C. Le and W. A. Zhao, Chem. Soc. Rev.,
2014, 43, 3324-3341.

S. Bi, S. Z. Yue and S. S. Zhang, Chem. Soc. Rev., 2017, 46,
4281-4298.

Chem. Soc. Rev,, 2023, 52, 8531-8579

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343
344

345

346

347

348

349

350

351

View Article Online

Chem Soc Rev

L. Lan, J. Huang, M. T. Liu, Y. Yin, C. Wei, Q. Y. Cai and
X. X. Meng, Chem. Sci., 2021, 12, 4509-4518.

A. Ganguli, A. Mostafa, J. Berger, M. Y. Aydin, F. Sun,
S. A. S. de Ramirez, E. Valera, B. T. Cunningham,
W. P. King and R. Bashir, Proc. Natl. Acad. Sci. U. S. A.,
2020, 117, 22727-22735.

J. H. Lee, Z. Cheglakov, ]. Yi, T. M. Cronin, K. J. Gibson,
B. Z. Tian and Y. Weizmann, J. Am. Chem. Soc., 2017, 139,
8054-8057.

J. H. Son, B. Cho, S. Hong, S. H. Lee, O. Hoxha, A. J. Haack
and L. P. Lee, Light-Sci. Appl., 2015, 4, €280.

J. Cheong, H. Yu, C. Y. Lee, ]J.-U. Lee, H.-J. Choi, J.-H. Lee,
H. Lee and J. Cheon, Nat. Biomed. Eng., 2020, 4, 1159-1167.
B. H. Kang, Y. Lee, E. S. Yu, H. M. Na, M. Kang, H. ]J. Huh
and K. H. Jeong, ACS Nano, 2021, 15, 10194-10202.

C. Schrader, A. Schielke, L. Ellerbroek and R. Johne, J. Appl.
Microbiol., 2012, 113, 1014-1026.

A. Hata, H. Katayama and H. Furumai, Appl. Environ.
Microbiol., 2015, 81, 1585-1593.

N. Maher, H. K. Dillon, S. H. Vermund and T. R. Unnasch,
Appl. Environ. Microbiol., 2001, 67, 449-452.

T. Geng and R. A. Mathies, Forensic Sci. Int.-Genet., 2015,
14, 203-209.

M. N. Emaus, M. Varona, D. R. Eitzmann, S. A. Hsieh,
V. R. Zeger and J. L. Anderson, TrAC, Trends Anal. Chem.,
2020, 130.

F. A. Vicente, 1. Plazl, S. P. M. Ventura and P. Znidarsic-
Plazl, Green Chem., 2020, 22, 4391-4410.

I. C. Samper, C. J. McMahon, M. S. Schenkel, K. M. Clark,
W. Khamcharoen, L. B. Anderson, J. S. Terry,
E. N. Gallichotte, G. D. Ebel and B. J. Geiss, Anal. Chem.,
2022, 94, 4712-4719.

T. Nakao, K. Mawatari, Y. Kazoe, E. Mori, H. Shimizu and
T. Kitamori, Analyst, 2019, 144, 6625-6634.

S. Khaliliazar, A. Toldra, G. Chondrogiannis
M. M. Hamedi, Anal. Chem., 2021, 93, 14187-14195.
Y. Li, S. Li, J. Wang and G. Liu, Trends Biotechnol., 2019, 37,
730-743.

M. Wang, R. Zhang and J. M. Li, Biosens. Bioelectron, 2020, 165.
J. Shen, X. Zhou, Y. Shan, H. Yue, R. Huang, J. Hu and
D. Xing, Nat. Commun., 2020, 11, 267.

Z. Zhu, Q. Pei, ]J. Li, Q. Zhang, W. Xu, Y. Wang, S. Liu and
J. Huang, Anal. Methods, 2022, 14, 1490-1497.

K. Kaastrup and H. D. Sikes, Chem. Soc. Rev., 2016, 45,
532-545.

S. Kim, A. M. Dibildox, A. Aguirre-Soto and H. D. Sikes,
J. Am. Chem. Soc., 2021, 143, 11544-11553.

Y. F. Wu, W. Wei and S. Q. Liu, Acc. Chem. Res., 2012, 45,
1441-1450.

Q. Hu, Y. Luo, X. Cao, Z. Chen, Y. Huang and L. Niu, ACS
Appl. Mater. Interfaces, 2021, 13, 54794-54800.

M. R. Bennett, C. Moloney, F. Catrambone, F. Turco,
B. Myers, K. Kovacs, P. J. Hill, C. Alexander, F. J. Rawson
and P. Gurnani, ACS Macro Lett., 2022, 11, 954-960.

Y. Li, W. Li, Y. Yang, F. Bao, ]J. Lu, J. Miao and Y. Xu,
Biosens. Bioelectron, 2022, 203, 114030.

and

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1128/jcm.00461-20
https://doi.org/10.1128/jcm.00461-20
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00417a

Open Access Article. Published on 26 October 2023. Downloaded on 10/26/2025 9:47:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

352

353

354

355

356

357

358

359

360

Y. Y. Huang, J. S. Ren and X. G. Qu, Chem. Rev., 2019, 119,
4357-4412.

L. Z. Gao, J. Zhuang, L. Nie, J. B. Zhang, Y. Zhang, N. Gu,
T. H. Wang, J. Feng, D. L. Yang, S. Perrett and X. Yan, Nat.
Nanotechnol., 2007, 2, 577-583.

D. W. Jiang, D. L. Ni, Z. T. Rosenkrans, P. Huang, X. Y. Yan
and W. B. Cai, Chem. Soc. Rev., 2019, 48, 3683-3704.

Z. Fu, W. L. Zeng, S. F. Cai, H. L. Li, J. W. Ding, C. Wang,
Y. F. Chen, N. Han and R. Yang, J. Colloid Interface Sci.,
2021, 604, 113-121.

C. L. Liang, B. C. Liu, J. F. Li, J. H. Lu, E. H. Zhang,
Q. T.Deng, L. Zhang, R. Chen, Y. S. Fu, C. Y. Li and T. T. Li,
Sens. Actuators, B, 2021, 349, 130718.

D. W. Bradbury, J. T. Trinh, M. J. Ryan, C. M. Cantu,
J. K. Lu, F. D. Nicklen, Y. S. Du, R. Sun, B. M. Wu and
D. T. Kamei, Analyst, 2021, 146, 7386-7393.

N. Cheng, Y. Song, M. M. A. Zeinhom, Y. C. Chang,
L. Sheng, H. L. Li, D. Du, L. Li, M. J. Zhu, Y. B. Luo,
W. T. Xu and Y. H. Lin, ACS Appl. Mater. Interfaces, 2017, 9,
40671-40680.

Z.]. Chen, Z. C. Huang, Y. M. Sun, Z. L. Xu and J. W. Liu,
Chem. - Eur. J., 2021, 27, 9597-9604.

L. Ceresa, J. Chavez, M. M. Bus, B. Budowle, E. Kitchner,
J. Kimball, I. Gryczynski and Z. Gryczynski, Anal. Chem.,
2022, 94.

This journal is © The Royal Society of Chemistry 2023

361

362

363

364

365

366

367

368

369

370

371

View Article Online

Review Article

Y. Zhao, ]J. Chen, Z. Hu, Y. Chen, Y. Tao, L. Wang, L. Li,
P. Wang, H.-Y. Li and ]J. Zhang, Biosens. Bioelectron., 2022,
202, 113974.

K. Gorshkov, K. Susumu, J. J. Chen, M. Xu, M. Pradhan,
W. Zhu, X. Hu, J. C. Breger, M. Wolak and E. Oh, ACS Nano,
2020, 14, 12234-12247.

M. A. Tabrizi, L. Nazari and P. Acedo, Sens. Actuators, B,
2021, 345, 130377.

T. Itoh, Y. S. Yamamoto and Y. Ozaki, Chem. Soc. Rev.,
2017, 46, 3904-3921.

J. Sitjar, H. Z. Xu, C. Y. Liu, J. R. Wang, J. E. Liao, H. P. Tsai,
H. Lee, B. H. Liu and C. W. Chang, Anal. Chim. Acta, 2022,
1193.

J. Garcia-Guirado, R. A. Rica, J. Ortega, J. Medina, V. Sanz,
E. Ruiz-Reina and R. Quidant, ACS Photonics, 2018, 5, 3673.
A. Kotnala, P. S. Kollipara, J. G. Li and Y. B. Zheng, Nano
Lett., 2020, 20, 768-779.

H. Zhou, J. Liu, J.-J. Xu, S.-S. Zhang and H.-Y. Chen, Chem.
Soc. Rev., 2018, 47, 1996-2019.

X.D. Cao, Y. K. Ye and S. Q. Liu, Anal. Biochem., 2011, 417,
1-16.

L. Bezinge, A. Suea-Ngam, A. J. deMello and C.J. Shih, Mol.
Syst. Des. Eng., 2020, 5, 49-66.

W. H. Organization, Contact tracing in the context of
COVID-19: interim guidance, 10 May 2020, 2020.

Chem. Soc. Rev., 2023, 52, 8531-8579 | 8579


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00417a



