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Abstract  Airborne pathogens pose a great threat to 
public health, and their appearance in bioaerosol also 
increases the contiguousness due to the long survival 
time and transmitting range. Real-time monitoring 
and rapid detection methods provide more effective 
prevention and control of airborne pathogens. The 
whole procedure could be divided into bioaerosol col-
lection and detection processes. This review presents 
the basic principles and recent advances in commonly 
used methods for each of these two steps. We catego-
rized four different kinds of collection methods based 
on their principles and discussed possible enrichment 
methods against a small amount of targets. Four dif-
ferent detection methods were compared regarding 

their ability to perform rapid testing. In the final sec-
tion, we analyzed the latest trend in combining all 
these steps to set up a single device or platform for 
rapid, automated, and continuous on-site bioaerosol 
monitoring to overcome time and space constraints 
and increase the speed of the entire monitoring pro-
cess. We conclude that an integrated all-in-one sys-
tem using a microfluidic platform is the most prom-
ising solution for real-time monitoring of airborne 
pathogens, since they are capable of simplifying oper-
ational steps, efficient collection, and high-throughput 
detection, demonstrating the strong potential of field-
deployable platforms.
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1  Introduction

Bioaerosols are collections of solid or liquid particles 
containing bacteria, viruses, pollens, and fungi sus-
pended in a gas under various natural and anthropo-
genic activities (Fröhlich-Nowoisky et al., 2016; Rob-
inson et al., 2023; Yu et al., 2021). Monitoring levels 
of airborne pathogens in bioaerosols is of increasing 
importance for the outbreak and prevention of air-
borne epidemics. After sampling bioaerosols from the 
environment or indoor spaces, the safety of bioaero-
sols is assessed through sample processing and detec-
tion of target harmful microorganisms.

1.1 � Airborne pathogens and airborne hazards

Airborne pathogens include various infectious and 
dangerous microorganisms: bacteria, fungi, viruses, 

mycoplasmas, etc., with the most common contami-
nation sources being soil, water, and human activ-
ity (Kalavakonda et al., 2021; Triadó-Margarit et al., 
2022). For example, Mycobacterium tuberculosis 
(Mtb) and Streptococcus pneumoniae could cause 
respiratory disease and even invade other organs 
through airborne transmission (Freschi et  al., 2021; 
Zhao et al., 2019). Aspergillus accounts for about 12% 
of airborne fungi, and its infection manifests as non-
necrotizing granulomatous lesions in multiple organs, 
especially in lungs (Ijaz et al., 2016). Airborne viruses 
have caused several notable pandemics in human his-
tory, including the Spanish influenza pandemic in 
1918–1919, the Severe Acute Respiratory Syndrome 
(SARS) in 2002, the influenza A virus in 2009, and 
the most recent COVID-19 pandemic. The US Cent-
ers for Disease Control and Prevention (CDC) esti-
mated that influenza viruses have caused 35.6 to 92 
million illnesses and 12,000 to 56,000 deaths annu-
ally since 2010 (Kim et al., 2020a). There is growing 
evidence of a significant correlation between cancer 
subjects and exposure to bioaerosols (Humbal et al., 
2018; Wang et al., 2019a). Airborne pathogens pose 
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a serious threat to human health since their transmis-
sion in bioaerosols increases both the time and travel 
distance of contagious period (Wang et  al., 2022), 
thus significantly increasing the risk of airborne 
infectious diseases in public places (Ahmadipour 
et al., 2019; Bennett & Parks, 2006; Emerson et al., 
2015; Gladding et al., 2020; Glushakova et al., 2022; 
Madhwal et al., 2020; Ye et al., 2021) and healthcare 
settings (Ge et al., 2020; Innes et al., 2021; Melzow 
et al., 2022; Oksanen et al., 2022; Putzer et al., 2022; 
Wong et al., 2021; Workman et al., 2020), while it has 
also been shown that dust can act as support material 
for pathogenic microorganisms in bioaerosols which 
leads to enhancement of pathogen viability(Noda 
et al., 2022). Pathogens that exhibit resistance against 
therapeutic drugs are frequently observed in recent 
studies (Howard & Khader, 2020), which makes pre-
vention of transmission a more important subject in 
public health.

Humans, animals, plants, and the environment 
are interconnected. Pathogenic microorganisms in 
bioaerosols not only affect the economic income of 
farming (Meyer et  al., 2017) and animal husbandry 
(Alonso et  al., 2015; Cheng et  al., 2020; Hou et  al., 
2020; Kaplan et  al., 2020; Lu et  al., 2020; Poonsuk 
et  al., 2018; Prost et  al., 2019; Reicks, 2019; Wei 
et al., 2023; Yu et al., 2016a), but at the same time, 
two-thirds of all new and emerging infectious dis-
eases are now zoonotic (Kotwal & Yadav, 2021), 

with pathogens such as avian influenza viruses (Ber-
tran et al., 2017; Li et al., 2018a), H3 swine influenza 
viruses (Kaplan et  al., 2020), and Mycobacterium 
burnetii (Gregory et al., 2019; Winter et al., 2021). It 
is worrisome that findings in recent years have con-
firmed the hypothesis that bioaerosols are a potential 
pathway for the spread of bacterial diseases in plants 
(Berry et al., 2015; Chai et al., 2020), and infectious 
viruses pose a threat to human health through the 
food chain by contaminating edible produce (Had-
dow & Watt, 2020). These pathogens have pandemic 
potential, which not only directly affects overall 
food security and livestock safety, but also seriously 
threatens the safety of all human beings. Figure 1 pro-
vides a general illustration of bioaerosol sources and 
hazards.

1.2 � Strategies for detection of airborne pathogens

In Fig.  2, we show a conventional strategy for the 
process of bioaerosol “collection-pretreatment-
detection.” Bioaerosol collection techniques could 
be divided either by their collection principle or the 
medium on which bioaerosol is collected. The prin-
ciples of collection in existing literature include fil-
tration, centrifugation, impact, and electrostatic pre-
cipitation. After aerosol is collected, it is sprayed onto 
a solid or liquid medium. The advantage of a solid 
medium is that it could be directly used for further 

Fig. 1   Common sources, pathogenic pathogens, and multiple hazards of bioaerosols and aerosol particle sizes entering the human 
respiratory tract
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colonization, whereas a liquid medium is more suit-
able for direct quantification or enrichment to lower 
detection limits. The target components in bioaerosols 
diffuse in a larger volume of air, usually at very low 
levels, and the amount of sample may not reach the 
minimum level detectable by the detection equipment 
(Lee et al., 2023). Therefore, by adjusting the param-
eters of the sampler to obtain a sample solution with a 
high concentration ratio (Cho et al., 2019, 2020; Heo 
et  al., 2021), some research groups have designed 
various enrichment channels and devices based on the 
principle of electrostatic adsorption and biomolecular 
recognition effects to adsorb and intercept targets for 
enrichment purposes (Kim et  al., 2020b; Liu et  al., 
2019; Su et al., 2021).

Traditional culture-based detection methods 
rely on the continuous growth and multiplication of 
microorganisms in a suitable matrix to determine the 
concentration of a bioaerosol in terms of the number 
of colonies formed (Ngashangva et al., 2022). Immu-
nological methods use the substance to be tested as 
an antigen or antibody, which can occur on paper 
strips, magnetic beads, and electrode surfaces, and 
determine the concentration of the substance to be 
tested based on the color, fluorescence, and electri-
cal signals produced by the immune binding of the 

antigen and antibody (Kim et  al., 2018; Lee et  al., 
2020; Li et al., 2018b; Xu et al., 2017; Yakoh et al., 
2021). Nucleic acid detection methods are capable of 
distinguishing the specific nucleic acid sequence of 
the microorganism to be tested, with a lower limit of 
detection and higher specificity. With the pandemic 
of novel coronavirus pneumonia, rapid nucleic acid 
testing has attracted widespread attention (Wang 
et  al., 2023). The common polymerase chain reac-
tion (PCR), which involves denaturation, annealing, 
and extension processes to achieve amplification of 
the target nucleic acid fragments, requires high lev-
els of equipment and technicians (Espí et  al., 2021; 
Santarpia et  al., 2020). Therefore, isothermal ampli-
fication methods have become preferable for point-
of-care testing (POCT), including loop-mediated iso-
thermal amplification (LAMP) (Wang et  al., 2019b; 
Xiong et  al., 2021) and recombinase polymerase 
amplification (RPA) (Nguyen et al., 2021; Sun et al., 
2022), which have been used for the detection of 
a wide range of pathogens in bioaerosols (Lu et  al., 
2022; Wang et al., 2019b). Figure 3 provides a gen-
eral illustration of common the isothermal nucleic 
acid amplification principles. However, it cannot be 
ignored that the selection of target sequences and 
the design of primers are difficult problems in the 

Fig. 2   A overview of the “collection-pretreatment-detection” 
strategies for bioaerosols analysis. Bioaerosol samples are 
collected onto solid- or liquid-state substrate for detection 
purpose, but several pretreatment procedures are necessary 
depending on the application. Some studies use enrichment 
methods to sort and concentrate the targets and achieve more 

precise detection. Lysis process is required if the detection is 
targeting proteins or nucleic acids inside the cells. Various 
detection methods are available for detection, and research-
ers should select optimal collection and pretreatment methods 
based on their application
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Fig. 3   A Principles of several methods of nucleic acid ampli-
fication. B A dual PCR assay for the specific detection of the 
pathogenic bacterium Legionella pneumophila in outdoor air 
samples with low DNA concentrations to activate the appropri-
ate public alerts to prevent disease outbreaks (Sánchez-Parra 
et al., 2019). Reproduced with permission from Elsevier. C A 
method for detecting SARS-CoV-2 using LAMP and CRISPR/
Cas12a technology that effectively avoids aerosol contamina-
tion from amplicon formation that may be caused by re-open-
ing the lid after amplification (Chen et al., 2020). Reproduced 

with permission from Elsevier. D A microfluidic microarray 
platform based on loop-mediated isothermal amplification 
(LAMP) that enables simultaneous and immediate testing 
of Streptococcus pneumoniae and Mycoplasma pneumoniae 
(Wang et al., 2019b). Reproduced with permission from Else-
vier. And E The RPA-Cas12a-based platform combined with 
digitized microfluidics (DMF) enables automated, rapid detec-
tion of influenza virus and SARS-CoV-2 (Sun et  al., 2022). 
Reproduced with permission from Springer Nature
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application of isothermal nucleic acid amplification 
method.

1.3 � The significance of this article

To ensure that the threat of airborne pathogens is 
avoided or minimized, several collection and moni-
toring devices based on different principles or target-
ing different airborne pathogens have been developed 
in the last decades. Many review papers have been 
published on this topic. Existing articles focus on dif-
ferent specific aspects of the topic, concentrating on 
the two aspects of collection (Kesavan & Sagripanti, 
2015; Mainelis, 2020) and detection (Lee et al., 2020; 
Ma et al., 2021) for bioaerosol monitoring, as well as 
on the detection of airborne microorganisms based 
on microfluidic platforms (Lee et  al., 2023; Wang 
et  al., 2021). However, these articles are limited to 
some of the steps in bioaerosol monitoring and do not 
address the need for continuous, real-time monitoring 
techniques for potentially airborne pathogens. In this 
direction, some reviews focused on these segments 
but limited their studies to selected airborne patho-
gens (Bhardwaj et  al., 2021; Pan et  al., 2019). Li’s 
team (2021a) reviewed recent advances in bioaerosol 
collection and detection methods, but lacked descrip-
tions of aerosol sample enrichment, preprocessing, 
etc., as well as tremendous advances in the field of 
bioaerosols in recent years, which need to be updated.

The purpose of this paper is to provide a compre-
hensive and systematic review of the latest develop-
ments in this subject, particularly in terms of technol-
ogy over the last five years, including the principles 
of bioaerosol sample collection, enrichment, and 
detection methods, with corresponding examples. 
We provide an overview of a wide range of sampling 
techniques and concentrate on the post-sampling sam-
ple enrichment and processing aspect, which has not 
been mentioned in any review in the last three years. 
In addition, we present bioaerosol detection systems 
that integrate a sampler with a detection device, 
although such examples are rare at the moment and 
discuss key issues in their combination and technical 
challenges in the development of miniaturized, inte-
grated bioaerosol collection and detection integrated 
systems.

2 � Bioaerosol collection and enrichment

The use of effective samplers to collect and quantify 
airborne pathogens and hazardous substances is an 
important part of bioaerosol monitoring. Koch first 
proposed the use of nutrient agar plates to naturally 
collect settling bioaerosols for incubation and enu-
meration of bacteria in 1881, but its utility was lim-
ited by its low collection efficiency, as well as its sus-
ceptibility to external environmental factors (Emerson 
et  al., 2015; Glushakova et  al., 2022; Mhuireach & 
Johnson, 2016). Bioaerosol sampling techniques have 
made tremendous progress over the past 20  years. 
Currently, the common collection methods for bio-
aerosols include filtration, centrifugation, impact, and 
electrostatic precipitation.

2.1 � Collection

2.1.1 � Filtration

Bioaerosols are deposited on the membrane of the 
filter by diffusion, interception, and impact. Filter 
sheets can be examined directly using a microscope 
or observed after incubation, or they can be eluted 
using a buffer (e.g., phosphate-buffered saline Tagh-
vaee et al., 2019, purified water Santarpia et al., 2020) 
or chemically degraded (Viana et al., 2021) for subse-
quent technical analysis. Due to its simple procedure 
and easy manipulation, filtration   is one of the most 
commonly used methods for collecting bioaerosols, 
including polytetrafluoroethylene (PTFE), polyvinyl 
chloride (PVC), and gelatin filters. Ahmadipour’s 
team (2019) used filters in cabs as mobile high-vol-
ume bioaerosol samplers to characterize the air pollu-
tion to which people are exposed within the city.

The cutoff size of the filter is an important fac-
tor limiting its use in biological environments. For 
example, the filters used within the air conditioning 
and ventilation systems (Al-abdalall et al., 2019) are 
very inefficient due to their large filter holes, with 
estimated filtration rates of 2% and 50% for bacteria 
and fungi, respectively, so filters with higher collec-
tion efficiency, wider cutoff sizes, reusable, and long-
term collection have become a hot research topic. 
With high porosity and less exposure to gravitational 
bias from relative humidity and electrostatic charges, 
PTFE filters exhibit top-notch filtration performance 
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even in low-temperature and high-humidity envi-
ronments (Afshar-Mohajer et  al., 2021; Shim et  al., 
2022), which opens up the possibility of routine 
monitoring in industrial, agricultural, or public health 
facilities. However, the collection of bioaerosol sam-
ples using PTFE requires a large initial equipment 
cost, while false-positive results indicate that the 
sensitivity and specificity of the sampler need to be 
further improved (Prost et  al., 2019). Based on the 
fact that the Coulomb force can substantially increase 
the deposition of biological particulate matter when 
charged bioaerosol passes through a filter with a 
strong electric field (Sim et  al., 2015), Choi’s team 
(2018) reported an electrically conductive polyester/
aluminum (PET/Al) fiber filter with a high capture 
efficiency of ~ 99.99% for E. coli and Staphylococcus 
epidermidis. In addition, the thin oxide layer formed 
by this filter was able to improve its antimicrobial 
performance, and its capture and antimicrobial per-
formance remained high upon repeated use.

2.1.2 � Centrifugation

The centrifugal collection method involves inject-
ing bioaerosols into a specially designed chamber, 
which generates a rotating airflow that causes iner-
tial collisions of the bioaerosols through centrifugal 
force and surface tension, separating and collecting 
airborne particles according to their varying quali-
ties into a liquid or wall while transporting them to an 
outlet. The addition of bacterial staining reagents to 
the sampling solution and the combination of micro-
scopic images allow for the differentiation of dust and 
live/dead bacteria in the collected samples (Lee et al., 
2021).

Most of the existing cyclone samplers have low 
sampling rates and small sampling flow rates, which 
require long sampling times. Lane’s team (2021) 
used a cyclone sampler with a sampling flow rate of 
3.5 L/min for 6 h in the area of a patient diagnosed 
with COVID-19 or a symptomatic patient waiting for 
a result, and the 528 aerosol samples obtained were 
negative, especially in the emergency biosafety sce-
nario, the conventional cyclone sampler has a signifi-
cant disadvantage. Li’s team (2021b) designed and 
evaluated a high-capacity cyclone sampler, named 
Yao-CSpler, with an experimental cutoff size of 
0.58 µm and a sampling flow rate of 400 L/min, which 
was able to achieve the collection of SARS-CoV-2 

viruses in a clinical setting with a detection concen-
tration of as low as 9–219 viruses/m3.

However, the stability and uniformity of the liquid 
film can significantly affect the extent of particle loss 
in a wet cyclone. In general, when the flow rate of the 
sampling air is maintained at a high level, an exces-
sive flow rate of the liquid medium can lead to rapid 
evaporation and affect the stability of the liquid film. 
Conversely, a low liquid flow rate will cause the liq-
uid to float or rupture in the cyclone. Since the for-
mation of a stable and uniform film on the cyclone 
sampler wall is crucial for the collection of airborne 
particles, Heo’s team (2021) produced long-lasting 
super hydrophilicity and mechanical durability by 
coating silica nanoparticles on the inner surface of the 
wet sampler to optimize two-phase fluids (air/liquid), 
which promotes the formation of a thin and homoge-
neous liquid film inside. It was experimentally veri-
fied that the aerosol-to-liquid transfer rate (ALTR) 
increased to 99.99% after surface coating with silica 
nanoparticles. Therefore, the treatment with this coat-
ing not only reduces particle wall loss, but also does 
not affect the performance of the cyclone sampler. 
While the sampler demonstrated excellent collection 
performance for bacterial bioaerosols, further stud-
ies are needed to confirm sampling performance for 
viruses and fungi.

The cyclone air sampler can participate in the 
development and application of automated systems 
because of its portability and compatibility. By using 
a wireless control panel for remote operation, Cho’s 
team (2019) achieved control of air sampling, liquid 
supply, discharge flow rate, and sample transporta-
tion. Some research teams have also coupled the 
developed samplers with robots to realize unmanned 
air sampling based on predetermined routes (Li et al., 
2021b).

2.1.3 � Impact

Impact methods are commonly used to collect bio-
aerosols onto the sampling medium based on inertia. 
When the gas containing microbial particles passes 
through the narrow aperture in the sampler, the air-
flow is deflected with the channel, and the microbial 
particles with larger inertia will directly impact the 
sampling medium due to inertia, while the bioaero-
sols with smaller inertia will escape with the airflow. 
Solid impact samplers generally use agar medium as 
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sampling plates (Farling et  al., 2019; Knowlton & 
Boles, 2018), which can be directly biochemical cul-
ture to obtain colonies for research. The Andersen air 
sampler, the most widely used impact sampler, col-
lects bioaerosols in a range of particle sizes that cover 
the deposition patterns in different areas of the human 
respiratory system (Madhwal et al., 2020). Therefore, 
it is commonly used to characterize the size distri-
bution of bioaerosols at the research site as well as 
microbial diversity to gain a deeper understanding of 
the composition of microbial communities and spe-
cies information in the environment (Gladding et al., 
2020; Ye et al., 2021). To solve the problem of par-
ticles bouncing from impact, Xu’s team (Xu et  al., 
2013) used mineral oil-coated agar plates to reduce 
the impact stresses and also reduced bioaerosol dry-
ing, which ultimately improved the biocollection 
efficiency of the Andersen air sampler. The virtual 
impactor uses a receiving nozzle instead of a receiv-
ing plate (Chen et  al., 2019; Wu et al., 2020). After 
the bioaerosol is accelerated by the nozzle, particles 
smaller than the cutting particle size will be deflected 
by 90° with the main flow, while particles larger than 
the cutting particle size will not be deflected due to 
large inertia and will move directly forward into the 
receiving nozzle, concentrating into the small flow. 
When sampling bioaerosols using an impact sampler, 
different collection media may affect the rate of loss 
of bioaerosol particles. Horve’s team (2021) investi-
gated the ability of flocked swabs, cotton swabs, glass 
fiber filters, FTA cards, and AerosolSense Capture 
Media (ACM) for nucleic acid collection. Experimen-
tally, ACM and bee lint swabs were determined to 
be the most efficient media, detecting SARS-CoV-2 
RNA at concentrations of 0.32 gc/L and 3.2 gc/L, 
respectively, and were easily integrated into typical 
molecular workflows. Flocked swabs are preferred 
in clinical diagnostics during periods of extreme 
demand.

The principle of the liquid impact sampler is simi-
lar to that of the solid impact sampler, in that the air 
stream carrying microbial particles enters the sam-
pler and rushes through a high-speed channel into 
the liquid collection medium, which can be used 
directly as an analytical sample without the need to 
extract microorganisms from the surface of the solid 
medium. All-Glass-Impinger (AGI) and SKC BioSa-
mpler (commercially available product at SKC, 
Inc.), for example, have been used for the detection 

of airborne viruses in hospitals (Kenarkoohi et  al., 
2020), bacteria and fungi in public places (Nguyen 
et  al., 2022), and air quality evaluation (Campbell 
et al., 2022).

The bioaerosol impact distance inside the AGI-30 
sampler is 30 mm and the localized impact velocity 
can reach up to 265 m/s. The higher impact velocity 
and longer sampling time can significantly increase 
the diversity of the samples, so the AGI-30 proved 
to have a higher performance in the collection of air-
borne E. coli compared to the Andersen air impactor 
(Nguyen et  al., 2022), and AGI-30 also successfully 
captured viruses in the COVID-19 viral bioaerosol 
(Kenarkoohi et al., 2020). It should not be overlooked 
that the faster the impact speed during sampling, the 
greater the possibility of damage to the microorgan-
isms in the bioaerosol, and the large number of bub-
bles caused by the impact will evaporate the sampling 
solution, which ultimately affects the sampling effi-
ciency of the AGI. In contrast to AGI, which injects 
air through a single nozzle pointing toward the bottom 
of the flask, the BioSampler provides three tangential 
acoustic nozzles, which generate a rotational motion 
of the collection fluid to minimize re-atomization 
of microbial particles and gently collect bioaerosol 
particles. Not only is it highly efficient at collecting 
bacteria and fungi, but the SKC BioSampler sampler 
also preserves the integrity of viruses for the detec-
tion of respiratory viruses in clinical settings (Truyols 
et  al., 2022). The AGI-30 and BioSampler samplers 
have similar size-resolved sampling efficiencies, but 
smaller particles are collected at very low efficien-
cies, with collection efficiencies below 30% (Guo 
et  al., 2022; Wei et  al., 2010). Yu’s team (2016b) 
found that filling the liquid impact sampler with glass 
beads improves its collection efficiencies for ultrafine 
particles and submicron viral in bioaerosols. Since 
it takes more time for the gas to pass through the 
thicker particle bed, there is a longer contact time for 
more particles to be collected by diffusion, settling, 
or impaction. However, it also increases the pressure 
drop across the sampler, placing a greater load on the 
sampling pump.

2.1.4 � Electrostatic precipitation (ESP)

Bioaerosols are charged through a metal needle at the 
inlet of the electrostatic collector, creating a corona 
discharge that forces them to move in the direction 
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of the electrode with the opposite charge (Tan et al., 
2011). Corona discharge has been reported to cause 
bioaerosols to carry more charge (Li et  al., 2021a), 
and bioaerosol particles with more charge are more 
susceptible to electrostatic deposition, which makes 
it easier to collect bioaerosols onto the electrodes, 
thus providing high collection efficiency. Noti’s team 
(2012) recovered submicron-sized infectious influ-
enza viruses from cough bioaerosols generated by 
simulated patients using electrostatic deposition, 
demonstrating the broad applicability of ESP to effec-
tively collect bioaerosol particles ranging from sub 
microns to tens of microns. In addition, electrostatic 
sampling also has the advantage of high sample out-
put concentration. Filter samplers and impact sam-
plers have large sample volumes, typically a few mil-
liliters (Gladding et al., 2020; Li et al., 2018c; Prost 
et al., 2019; Ye et al., 2021). If there is only a small 
amount of target microorganisms in the air, the large 
sample volume can have a significant dilution effect, 
making these methods unsuitable for low LoD meas-
urements. Instead, using an ESP sampler allows bio-
aerosol particles to be captured directly into an inte-
grated liquid collector miniaturized to a volume of 
150 μL (Ladhani et al., 2017).

As the voltage of the electrostatic sampler 
increases, bioaerosol particles can obtain more charge 
and higher electrostatic velocities in stronger electric 
fields. In particular, the ion yield and electromobility 
are higher at negative voltages (Niewulis et al., 2013). 
However, it should not be ignored that the high volt-
age of corona discharge is a potential risk that leads 
to a decrease in the activity of microorganisms to be 
tested in bioaerosols. Bhardwaj’s team (2020) used 
the hemagglutinin (HA) surface proteins and nucleo-
protein (NP) of influenza A (H1N1) virus as targets 
for immune sensors for the rapid quantification of 
airborne H1N1 influenza viruses after EPC sampling 
and ultimately demonstrated that the outer shell pro-
teins of the H1N1 viruses were damaged or degraded 
due to the combined effects of corona charging, 
non-pulsed electrostatic fields, and bioaerosol gen-
eration. It has also been suggested that electrostatic 
fields disrupt the lipid bilayer of Gram-negative bac-
teria thereby leading to inactivation of the bacteria 
(Yao et  al., 2005). Pirhadi’s team (2020) increased 
the sampling flow rate of the electrostatic sampler, 
which resulted in a significant reduction in the ozone 
concentration produced by the ESP corona at higher 

flow rates, while Ma’s team (2016) used a carbon-
fiber ionizer that could produce corona discharges 
at relatively low applied voltages, which resulted in 
negligible ozone production. In contrast, Kim’s team 
(2020a) used phosphate-buffered saline to cover the 
grounded electrode to achieve mitigation of the dam-
age caused by the discharge electrode to viruses in the 
bioaerosol during sampling.

2.2 � Bioaerosol enrichment

The probability that a target microorganism will be 
detected in bioaerosols is a function of the LoD of 
the sensor as well as the concentration of the col-
lected sample added to the detector (Coudron et  al., 
2019). The gold standard for SARS-CoV-2 diagno-
sis is RT-PCR and qRT-PCR based on the detection 
of target nucleic acids (< 100 copies/mL) (Arnaout 
et al., 2020; Gupta et al., 2021). However, even dur-
ing the COVID-19 pandemic, airborne virus concen-
trations in isolation facilities with confirmed patients 
were relatively low, with total SARS-CoV-2 concen-
trations ranging from 1.84 × 103 to 3.38 × 103 RNA 
copies/m3 of air in indoor environments (Chia et al., 
2020), which complicates the monitoring of patho-
genic microorganisms in bioaerosols. Therefore, col-
lecting and concentrating pathogenic microorganisms 
dispersed in bioaerosols into a small volume of liq-
uid above the limit of detection can reduce the time 
required to prepare detectable samples. Wet cyclones 
collect suspended bioaerosols into a liquid film on the 
inner wall of the cyclone, which increases their parti-
cle concentration due to the decrease in volume from 
air to liquid. Therefore, to obtain the highest possible 
particle concentration, the least amount of liquid sam-
pling medium should be used and the ratio between 
air intake and liquid discharge should be increased. 
For example, the bioaerosol sampler developed by 
Cho’s team (2019) maintains a high particle enrich-
ment rate based on a constant high air-to-liquid flow 
ratio (~ 1.4 × 105), using a continuous inlet airflow 
(16L/min) and outlet liquid flow (7  mL/h). Theo-
retically, this Automated and Real-time Bioaerosol 
Sampler based on Wet-cyclone (ARBSW) captured 
11 times higher concentrations of microorganisms 
in 20 min than a biological sampler under the same 
environmental conditions. After further validation 
experiments, the sampler coefficients were set to a 
continuous inlet airflow (16L/min) and outlet liquid 
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flow (~ 17 μL/min), which ultimately increased the 
concentration ratio of the collected bioaerosol sam-
ples to ~ 9.6 × 105 times (Cho et  al., 2020). Electro-
static collectors can similarly obtain samples with 
high concentration ratios based on the principle of 
increasing the air flow rate and decreasing the liquid 
flow rate (Choi et al., 2017; Foat et al., 2016). A high 
flow rate electrostatic air sampler (HAFES) proposed 
by Kim’s team (2021) has a high recovery rate for 
viral bioaerosols, with enrichment values of 105 or 
more. When the device was used in a simulated viral 
epidemic, sampling for 20  min was able to produce 
detectable samples for real-time qRT-PCR. Table  1 
shows some recent bioaerosol enrichments using 
cyclone and electrostatic samplers.

Versatile Aerosol Concentration System (VACES) 
is one of the most widely used bioaerosol concentra-
tors. When used to collect air samples, coarse parti-
cles can penetrate directly into the water, while fine 
particles pass through a saturated condensation sys-
tem, where droplets of 2–3 μm form on the surface of 
the particles due to the condensation of water vapor 
and are then passed through a virtual impactor to pro-
duce a highly concentrated liquid suspension. VACES 
is capable of effectively concentrating ambient par-
ticles of varying particle sizes by a factor of 20–40 
(Ntziachristos et al., 2007), while the collected sam-
ples retain the physical and chemical characteristics 
of the ambient bioaerosols for use in in vitro studies 
(Liu et al., 2019). The study by Viana’s team (2021) 
confirmed the representativeness of the VACES sys-
tem for bioaerosol samples collected in an occupa-
tional industrial environment and its validity in terms 
of mass concentration in high-exposure scenarios. 
In their study, the enrichment coefficient of VACES 
was 31. The applicability of this instrument in prac-
tical industrial scenarios is debatable due to its large 
size which interferes with the factory production 
process and limits the collection of large numbers 
of samples. In recent years, researchers have been 
optimizing the VACES device from various perspec-
tives. The VACES/aerosol-into-liquid-collector not 
only captures water-soluble particles, but also water-
insoluble particles directly to the bottom of the col-
lector in a concentrated slurry, effectively recovering 
all components of environmental particles (2019). An 
improved VACES integrated into an optical instru-
ment improves particle concentration and ampli-
fies the signal-to-noise ratio during measurements, 

and this new technology reduces the detection limit 
by an order of magnitude at high temporal resolu-
tion (2 h) and a small sampling flow rate (6 L/min) 
(Kang et  al., 2022). Wubulihairen’s team (2015) 
introduced a vapor generator, which is small and port-
able compared to VACES for different field sampling 
applications.

Other than microbial components, a large number 
of dust, droplets, salt, and other particles exist in air 
samples. In addition to adjusting the performance and 
parameters of the sampler, effective collection, cap-
ture, and separation of the target particles from the 
background environment can be equally useful for 
enrichment purposes. Su’s team (2021) designed a 
biochip based on polydopamine-co-chitosan (PDA-
co-CS) composite gel-modified microelectrodes. Dur-
ing the enrichment process, the enrichment efficiency 
of microorganisms was 99.9% under the synergy of 
the adsorption capacity of mussel protein-like cat-
echol functional groups contained in PDA, the molec-
ular interaction between chitosan and microbial cells, 
electrostatic adsorption, and other synergistic effects. 
Kim’s team (2020b) enrichment channel-integrated 
handheld system, Hydrosol-to-hydrosol (HTH), was 
able to adsorb bacteria entering the channel onto 
pre-immobilized Concanavalin A-coated magnetic 
particles (CMPs), and the enrichment channel was 
surrounded by magnet blocks so that CMPs were 
immobilized on the inner wall of the channel by mag-
netic force. Preparation of real-time qPCR detectable 
bacterial samples in an on-site environment requires 
an enrichment capacity of at least 106 levels, and this 
device has a total enrichment capacity of 1.192 × 106. 
The system can be used not only for bacterial enrich-
ment, but also for more than tenfold enrichment of 
nebulized test viruses, including Human Coronavi-
rus 229E (HCoV-229E), Influenza A Virus Subtype 
H1N1 (A/H1N1), and Influenza A Virus Subtype 
H3N2 (A/H3N2) (Kim et  al., 2020a). Most impres-
sively, the device was able to turn undetectable virus 
samples collected during a viral epidemic scenario 
into detectable samples within 10 min.

2.3 � Summary

Air disperses a wide range of biological, chemical, 
and physical components, of which airborne patho-
gens are only a portion, leading to a complex com-
position in collected sample. In order to facilitate 
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bridging downstream assays for efficient pathogen 
analysis, post-collection bioaerosol pretreatment is 
necessary. Examples include filtration of impurities, 
concentration of the sample solution, and elution of 
target analytes. The collection and enrichment pro-
cesses are collectively referred to as pretreatments, 
with lysis sometimes required in studies regarding 
nucleic acids. When detecting airborne pathogens in 
the field, consideration should be given to the consist-
ency of collection and detection to ensure the viabil-
ity and structural integrity of target analyte. The col-
lection techniques of settling, filtering, and impinging 
on solid media described previously have the advan-
tages of simple operation and inexpensive cost, but 
they require extraction of target analytes from solid 
surfaces or filters, which may result in damage or loss 
of airborne pathogens, thus affecting the accuracy 
of downstream detection and false-negative results. 
Meanwhile, the method of direct incubation followed 
by microscopic detection takes long time and has low 
efficiency, and the elution process of the filter is not 
easy to be integrated inside the automated equipment, 
so the filtration method is preferred as a strategy for 
air purification. The strategy of using liquid matrices 
to collect bioaerosols without the need for elution 
and extraction processes can significantly improve 

the stability and viability of airborne pathogens and 
reduce the loss of target analytes. Moreover, liq-
uid samples facilitate the integration of downstream 
assay steps and reduce sample preparation time. Pre-
incorporation of magnetic beads or nanoparticles into 
the liquid collection matrix achieves purification and 
enrichment of target pathogens through intermolecu-
lar specific recognition interactions and accomplishes 
rapid integrated detections (Han et al., 2023; He et al., 
2017; Shafagati et al., 2015). Furthermore, for nucleic 
acid detection, the liquid collection matrix itself 
could be lysis solution, which would benefit from 
the integration of lysis process with the pretreatment 
step. There are also recent reviews about pretreatment 
process, readers could find more details if interested 
(Wang et al., 2023).

The collection of bioaerosols is a prerequisite for 
the monitoring of airborne pathogenic microorgan-
isms, and the use of bioaerosol samplers has been 
shown to reduce the intensity of work and destruc-
tiveness to organisms involved in sample collection 
(Prost et al., 2019). Accurate quantification and iden-
tification of pathogens present in bioaerosols is highly 
dependent on the sampling equipment used. Improp-
erly selected air samplers may fail to collect human 
respirable chemical hazardous substances, toxins, 

Fig. 4   Schematic of several of the most common bioaerosol 
collectors. Pictures include: A Filter sampler. Bioaerosols are 
deposited on the filter membrane by diffusion, interception, 
and impaction. B Solid impact sampler. Inertia-based collec-
tion of bioaerosols into solid media. C Electrostatic sampler. 
Bioaerosols are collected using the electrostatic adsorption 

effect. D All Glass Impactor (AGI). Bioaerosols impinge and 
are deposited in the liquid collection medium. E The SKC 
BioSampler. Impact sampling equipment using liquids to cap-
ture bioaerosols designed by SKC Ltd. and F Cyclone air sam-
pler. Separation of particles in bioaerosols by centrifugal force
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pathogenic microorganisms, etc., from bioaerosols 
(Kesavan & Sagripanti, 2015), thus underestimating 
the risk of accidental or intentional contamination of 
public environments by infectious or toxic bioaero-
sols, and even leading to unnecessary loss of life. 
Most of the commonly used bioaerosol samplers are 
based on one or more collection mechanisms of grav-
ity deposition, interception, impact, and electrostatic 
attraction. Figure 4 provides a general description of 
collectors commonly used for bioaerosols. Although 
there is a big difference in appearance design and 
size, they all share some basic structures, including: 
an air inlet, transfer pipeline, and sample collection 
area. The air inlet can be designed as a pump or an air 
separator or an unpowered device, and the design of 
the transfer pipeline with a concentrating device can 
increase the concentration of microorganisms in the 
bioaerosol. Most of the collection plates for bioaero-
sols are designed as liquids to increase the recovery 
rate from the collection matrix (Lee et al., 2020).

Table 2 shows an assessment of the sampling effi-
ciency of bioaerosol samplers in recent years. Wang’s 
team (2019a) compared the efficiencies of filter and 
cyclone samplers for collecting bacterial and fungal 
samples, where the cyclone sampler performed bet-
ter in collecting bacteria and both samplers showed 
almost the same collection efficiencies and commu-
nity structure of sampled bacteria for fungal collec-
tion. The filter sampler is not dependent on liquids 
and can operate at low temperatures, but requires 
additional treatment of the initial sample, which has 
a significant impact on fragile microbial activity 
and can greatly affect subsequent studies. Cyclone 
samplers can extract low concentrations of airborne 
microorganisms into a running buffer that can be con-
veniently analyzed without additional treatment of 
the filter sample, with limitations on environmental 
temperature. Impactors are an effective way to collect 
large particle samples (Farling et al., 2019; Gladding 
et  al., 2020; Knowlton et  al., 2018; Madhwal et  al., 
2020; Ye et al., 2021); however, the rebound and re-
suspension of larger, heavier particles due to inertial 
impacts can introduce large errors into the collection 
results of target particles with relatively small particle 
sizes. Not to be overlooked, the mechanical stresses 
generated during sampling may damage the structure 
and even the DNA of target bacteria, viruses, etc. Pre-
vious studies have reported that the recovery rate of 
influenza viruses is generally lower than that of MS2 Ta
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phage when the inertial impact sampling method is 
used (Kim et  al., 2021). Electrostatic samplers have 
the lowest sampling velocity and therefore low dam-
age to bacteria, fungi, and viruses, and their collec-
tion efficiency is high over a wide range of particle 
sizes (Mbareche et  al., 2018), providing better cov-
erage of the microbial diversity in the air sampler 
under test. Due to the gentle and abundant sampling, 
the concentration of infectious T3 phages captured 
in electrostatic particle concentrators is thousands of 
times higher than that collected by impact samplers 
(Jang et  al., 2022), and their collection efficiency is 
comparable to that of the advanced impact bioaerosol 
samplers, with the most notable advantage of provid-
ing samples with at least 10 times higher concentra-
tion (Pardon et al., 2015). 

Compared to traditional samplers, research teams 
have been designing and manufacturing portable, 
automated samplers (Afshar-Mohajer et  al., 2021; 
Foat et  al., 2016; Hong et  al., 2016; Ladhani et  al., 
2017), and although the scale of the research is lim-
ited at this time, the trend toward their clinical appli-
cation as a noninvasive sampling device cannot be 
ignored (Ladhani et  al., 2020). Integrated microflu-
idic electrostatic samplers capture bioaerosol parti-
cles into liquid samples, with an effective collection 
efficiency of about 20–40% for airborne particles (Ma 
et al., 2016). The microfluidic-based sampling system 
“MicroSampler” is driven by the difference in parti-
cle inertia through the stable formation of a stratified 
flow of two-phase fluids, air and liquid, in a curved 
microfluidic channel. The MicroSampler achieves 
particle collection efficiencies of 80–98% at microflu-
idic airflows of 0.2–0.6 L/min, and exhibits recovery 
rates of > 90% when tested with bacterial bioaerosols 
(Choi et al., 2017). A multichannel microfluidic chip 
for the detection of Mycobacterium tuberculosis is 
currently being developed that can obtain a 175 μL 
sample in only 2  min, allowing initial screening of 
TB patients without the need for specialized person-
nel (Ma et al., 2022). Based on various technical and 
application challenges, bioaerosol sampling tech-
niques have made significant progress in a relatively 
short period, and prioritizing the capture and preser-
vation of certain bioaerosol particles may be a direc-
tion for future exploration.

3 � Bioaerosol detection

Traditional detection through microbial culture 
requires a long time of cultivation, which makes the 
result not time effective. This is extremely limiting in 
matters such as public health events or environment 
monitoring, despite its advantage in easy manipu-
lation and low cost. Moreover, it is not possible to 
detect viruses or VBNC (viable but non-culture) bac-
teria through this method. Here, we discussed four 
popular novel detection methods for bioaerosol.

3.1 � Lateral flow assay

The lateral flow test strip is the most commercially 
viable and proven option. Lateral flow strips typi-
cally consist of a sample pad, a splice pad that has 
been coated with a labeled antibody, two “lines” 
(nitrocellulose membranes that have been coated with 
antigen), and an absorbent pad. The sample is first 
added to the sample pad, and the sample binds to the 
labeled (usually gold nanoparticles) antibody in the 
paper splice pad (Lu et al., 2023). Through capillary 
action, it then flows into the test strip channel, which 
is pre-coated with gold-labeled secondary antibodies, 
forming a sandwich structure. Finally, this composite 
structure is captured by the recognition probe, depos-
ited and colored at the detection line, and the redun-
dant label is captured at the control line. The lateral 
flow test achieves visualization of the assay and can 
often be used for qualitative testing. Figure 5 provides 
a general description of the test strip assay. 

Analytical devices based on lateral flow test 
strips have been widely used in recent years in 
studies for the detection of microorganisms in the 
atmosphere or breath due to their simplicity, port-
ability, biocompatibility, and the ability to provide 
rapid detection of small sample volumes without 
the need for a pump, making them ideal for use in 
restricted environments. A paper-based kit designed 
by Seok’s team (2021) was tested and analyzed for 
Staphylococcus aureus within three days of air from 
different seasons, and the target bacteria were suc-
cessfully detected within 15  min. Currently used 
lateral flow assays (LFA) have lower detection lim-
its than commercial enzyme-linked immunosorbent 
assays (ELISA). To reduce the non-specific binding 
of analytes, which produces a high background sig-
nal, Mohd Amiruddin’s team (2020) used 5% (w/v) 
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BSA as a blocking agent to enable lateral flow test 
strips to detect Mtb 16 kDa antigen (Ag16) down to 
125 ng, which is lower than the presence of soluble 
forms of Ag16 in the cerebrospinal fluid of patients 
with tuberculous meningitis, at a concentration 
of ~ 15–20  µg/mL (Haldar et  al., 2012), with sen-
sitivity and specificity comparable to PCR. Lee’s 
team (Lee et al., 2020) used a highly specific near-
infrared signaling nanoprobe to improve the sensi-
tivity of LFA while pre-treating the sample pad to 
enhance the solubility of the transfer solution, ulti-
mately achieving a paper test strip that was more 
effective in detecting airborne target pathogens than 
ELISA in 20 min.

Paper-based materials are easily combustible and 
can be safely disposed of after use without any risk 
of contamination (Suntornsuk et  al., 2020), becom-
ing one of the detection methods for medical wear-
able technology. Nguyen’s team (2021) designed a 

wearable, autonomously functioning mask sensor for 
the detection of SARS-CoV-2 in exhaled bioaerosols. 
The wearer only needs to press a button to activate a 
reservoir containing nuclease-free water, and the flow 
action of the wicking material moves the collected 
breath sample to the downstream reaction zone where 
the virus lysis to release the SARS-CoV-2 vRNA, S 
gene for RT-RPA amplification. The final results are 
visualized by lateral flow analysis strips. The entire 
process takes only about 1.5  h and has a detection 
limit of 500 copies (17 aM) of SARS-CoV-2 in vitro 
transcribed (IVT) RNA, which is compatible with 
the standard laboratory-based RT-PCR assay recog-
nized by the World Health Organization. However, 
the detection platform needs to face challenges such 
as biological contamination in sweat, signal loss, 
disposable nature, and inability to work in specific 
environmental conditions (e.g., high humidity or 
underwater).

Most notably, lateral flow analysis makes it diffi-
cult to obtain accurate quantitative results, and most 

Fig. 5   A Schematic diagram of the basic structure of a lateral 
flow test strip. B-F Illustration of several recently developed 
devices based on the lateral flow test strip detection princi-
ple. Images are adapted from: B Lee et al., 2020. Reproduced 
with permission from American Chemical Society. C Yu 

et al., 2020. Reproduced with permission from Elsevier. D Li 
et  al., 2022. Reproduced with permission from Frontiers. E 
Xiao et al., 2021. Reproduced with permission from Springer 
Nature. and F Seok et al., 2021. Reproduced with permission 
from MDPI
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endpoint detection methods are only qualitative. Due 
to the lack of quantitative sensing devices, these 
methods more frequently confirm results with the 
naked eye.

3.2 � Electrochemical detection

Electrochemical detection techniques can convert 
chemical and biological signals into electrical sig-
nals, including impedance, current, and potential, 
with the strength of the signal correlating with 
the amount of the object being detected. The main 
advantages of electrochemical detection methods 
are low power, high resolution, good selectivity and 
repeatability, ppm-level detection accuracy (Khan 
et  al., 2019), and fast response. Because the elec-
trochemical analytical platform is immune to envi-
ronmental contaminants such as proteins and endo-
toxins, non-target microbial particles, as well as 
sample turbidity or fluorescent compounds contami-
nation interference, it is widely used for the detec-
tion of various gaseous molecules and biomolecules 
(Chen et  al., 2018; Giordano et  al., 2021). It has 
been realized to detect a variety of airborne patho-
gens and biomolecules in the air, including: Influ-
enza A (H1N1) virus (Kim et  al., 2018), Escheri-
chia coli (E. coli) (Lee et al., 2021), Mycobacterium 
Tuberculosis (Ma et  al., 2022), oxidative stress 
biomarkers (Ito et  al., 2019), etc. Yakoh’s team 
(2021) designed a folded novel coronavirus immu-
noglobulin (represented by IgG and IgM) detection 
tool for electrochemical detection in the presence 
of a redox indicator ([Fe(CN)6]3−/4−). The device 
consists of three paper-folded layers, each with a 
hydrophilic center confined by a wax barrier, with 
three electrodes screen printed on the back of the 
device and the folded layers held tightly in place by 
double-sided tape during use. The paper platform is 
capable of rapid (30 min) detection of SARS-CoV-2 
antibodies with a detection limit of 1  ng/mL and 
has 100% sensitivity and 90% specificity for clini-
cal use, which is 3 orders of magnitude more sensi-
tive than colorimetric LFA, but has not yet reached 
the level of detection of real nasal swab specimens 
(down to pg/mL).

In research, properly designed probes can improve 
the sensitivity of the system and reduce the limit of 
detection. Antibodies and enzymes are commonly 
used probes, while nucleic acid chains are also widely 

used as recognition elements for electrochemical bio-
sensors because of their simple fabrication and con-
venient storage. Wang’s team (Wang et  al., 2022) 
used ATP as a biomarker for the detection of total 
bioaerosols based on the fact that the specific binding 
of ATP to its aptamer forms a g-quadruplex structure, 
which prevents the electron transfer from the surface 
of the electrodes and produces a strong electrochemi-
cal impedance change. The corresponding electro-
chemical behavior was characterized by the EIS tech-
nique with a detection limit of 0.11 nM over a wide 
linear range from 0.1 to 100 nM.

With the increasing demand for rapid on-site 
detection methods, electrochemical detection plat-
forms have tended to be miniaturized and convenient 
(Lee et al., 2023), while the emergence of nano- and 
micromechanical devices has provided new strategies 
for building highly integrated electrochemical detec-
tion devices capable of carrying out high-throughput 
tests. Duarte’s team (2021) designed a microfluidic 
device based on nanoelectrode-activated microwell 
arrays for the capture and quantification of airborne 
fungal pathogen Sclerotinia sclerotiorum. Each col-
umn in the device array can be measured individually, 
which allows for the detection of individual particles 
in a single microwell, showing great potential for 
application to rapid detection in the field. The content 
of target substances in bioaerosols will change over 
time, providing sensitive and accurate assessment evi-
dence for population health management. The ability 
to monitor and analyze airborne biological contami-
nants and the risk of respiratory disease in real time 
or online using electrochemical detection platforms 
enables early and rapid screening and reporting in 
clinical applications (Chen et al., 2018; Nigatu et al., 
2015), enabling relatively simple, highly selective, 
and interactive health care that may revolutionize the 
study of contaminant health effects as well as diagno-
sis and monitoring of respiratory-transmitted diseases 
at the bedside. Figure  6 gives an example of some 
recent electrochemical detection platforms.

3.3 � Fluorescent and colorimetric detection

The principle of optical detection methods is to con-
vert the signal of the target to be detected into optical 
signals such as fluorescence and color and identify 
the presence of certain substances by using optical 
instruments or color changes visible to the naked eye. 
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Among them, fluorescence and colorimetric meth-
ods are currently the most commonly used optical 
detection methods. The unique photophysical proper-
ties of fluorescent dyes, which produce visible light 
directly and enhance the light signal when excited by 
UV light, make it possible to use fluorescent dyes to 
label bioaerosols with substances to be detected with 
direct visual confirmation of the results, thus enabling 
real-time detection. It has been used commercially 
in many fully bioaerosol monitors. Lu’s team (2022) 
prepared a real-time fluorescent nucleic acid detec-
tion platform using 3D printing technology, which 
takes only 90 min from sample input to readout. The 
platform contains three LAMP reaction chambers 
that can work independently, and its detection limit 
is 4 × 104 spores/sample, which can meet the require-
ments for rapid early warning detection of airborne 
fungi. Li’s team (2018b) established an immunoflu-
orescence intensity—Aspergillus niger spore num-
ber semi-quantitative standard curve to calculate the 

number of target spores based on the intensity of the 
fluorescence signal. The detection limit is ~ 20 spores, 
which is equivalent to ~ 300 spores/m3 of the relevant 
target in air. Meanwhile, optical detection methods 
have been widely used for high-throughput testing, 
capable of meeting test throughputs of thousands 
of samples/day or more (Patterson et  al., 2020; Sun 
et al., 2022; Xiong et al., 2021).

There have also been some research teams in 
recent years that have chosen to use smartphones to 
quantify detection results. Kim’s team (2022) pro-
duced a smartphone-based fluorescence microscope 
with LEDs as the light source for the excitation of 
fluorescent particles, capable of being used to detect 
COVID-19. The obtained fluorescence microscope 
image was divided into three color channels (red, 
green, and blue), and the degree of fluorescent 
particle aggregation was quantified by optimizing 
the intensity threshold, of the fluorescence signal 
and removing background noise. The total cost of 
parts and consumables for the entire fluorescence 

Fig. 6   A An electrochemical aptasensor for the detection 
of adenosine triphosphate was constructed using nanohy-
brids containing zeolite imidazolate frameworks and covalent 
organic frameworks (Wang et  al., 2022). Reproduced with 
permission from MDPI. B An electrochemical sensor was 
constructed utilizing the fact that the presence of the SARS-
COV-2 antibody would interrupt the redox conversion of the 

redox indicator, resulting in a reduced current response (Yakoh 
et al., 2021). Reproduced with permission from Elsevier. And 
C A device comprising a nanothick aluminum electrode struc-
tures integrated with picoliter trap arrays for dielectrophoresis-
driven spore capture and on-chip quantitative detection using 
impedimetric sensing (Duarte et  al., 2021). Reproduced with 
permission from American Chemical Society
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microscope was only $46.60. Chen’s team (2020) 
used a smartphone to observe the fluorescence pro-
duced by the RT-LAMP reaction, and the entire 
amplification detection process could be completed 
in 40  min with a sensitivity of up to 20 copies of 
SARS-CoV-2 RNA. Fluorescent dyes can detect 
not only amplicons directly, but also by-products 
produced by DNA amplification, such as pyroph-
osphate ions. Under UV light (365  nm), the com-
plex formed by the binding of calcein to manga-
nese ions (Mn2+) remains quenched. During LAMP 
amplification, pyrophosphate ions deprive calcein-
bound Mn2+ and produce fluorescence. At the same 
time, free calcein readily binds to magnesium ions 
(Mg2+) in the reaction mixture, resulting in a more 
pronounced fluorescence indicating the presence 
of target genes. Wang’s team (2019b) recorded 
and transmitted this fluorescent information via 
the device’s Bluetooth Wi-Fi camera to an applica-
tion on a smartphone that specializes in receiving 

and analyzing it, ultimately enabling instant identi-
fication of Mycobacterium pneumoniae and Myco-
plasma pneumoniae.

Ultraviolet laser-induced fluorescence (UV-LIF) 
is based on the display of intrinsic fluorescence or 
autofluorescence by specific organic molecules of 
living organisms (e.g., proteins, coenzymes, pig-
ments) and was initially used in military research 
for the rapid detection of biological warfare agents 
(Kwaśny et  al., 2023). Currently, they show great 
potential in the detection and characterization 
of environmental bioaerosols (Tian et  al., 2020), 
potentially harmful viruses in the environment 
(Owoicho et  al., 2021), etc. However, the integra-
tion of portable detection platforms is a challenge 
that limits its development. Figure 7 illustrates some 
recent optical signal-based detection platforms.

Fig. 7   A A visual detection method for SARS-CoV-2 using 
a smartphone and a portable 3D-printed instrument to see the 
fluorescence produced with the naked eye without any spe-
cialized instrumentation (Chen et al., 2020). Reproduced with 
permission from Elsevier. B A smartphone-based fluorescence 
microscope isolated and counted the immunoagglutinated par-

ticles on a paper chip for direct airborne detection of SARS-
CoV-2 (Kim et  al., 2022). Reproduced with permission from 
Elsevier. And C Semiquantitative detection of Aspergillus 
niger spores based on immunofluorescence analysis (Li et al., 
2018b). Reproduced with permission from American Chemical 
Society
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3.4 � Non‑fluorescent optical detection

Raman spectroscopy is an optical bioimaging method 
based on the principle of inelastic scattering of light. 
Compared with fluorescence spectroscopy, Raman 
spectroscopy can represent hundreds of different 
vibrational frequencies, therefore, detection devices 
based on Raman spectroscopy have been used for 
viruses and various biomarkers (Desai et  al., 2020). 
However, surface-enhanced Raman spectroscopy 
(SERS) techniques capable of an order-of-magnitude 
signal enhancement of analytes are evolving due to 
the weak conventional Raman scattering intensity of 
atmospheric bioaerosol particles (Ben-Jaber et  al., 
2016). Choi’s team (2020) used the plasmon reso-
nance effects of silver nanoparticles (AgNPs) and 
SERS to amplify the Raman signal up to 1011 times. 

SERS combined with machine learning algorithms 
of support vector machine (SVM) can distinguish 
between samples carrying influenza A virus, influ-
enza B virus (Tabarov et  al., 2022), and those not 
carrying the virus, with an accuracy of 93% for virus 
detection.

The phenomenon of incident light excitation of 
free electron resonance on the surface of metallic 
materials is known as surface plasmon resonance 
(SPR), and SPR biosensors are often used as initial 
diagnostic tools due to their short detection time and 
label-free nature. In recent years, noble metal nano-
particles with strong localized surface plasmon reso-
nance (LSPR) in the visible region have shown spe-
cial chemical and physical properties, such as gold or 
silver nanoparticles (Guo et  al., 2015; Yin & Tong, 
2021). The LSPR is highly sensitive to changes in 

Fig. 8   A Photo-induced-enhanced Raman spectroscopy, in 
which the combination of plasmonic nanoparticles and photo-
activated substrates produces a large signal enhancement for 
small molecules (Ben-Jaber et  al., 2016). Reproduced with 
permission from Springer Nature. B A biosensor combining 
the plasma photothermal effect and localized surface plasmon 
resonance sensing transduction (Qiu et al., 2020). Reproduced 
with permission from American Chemical Society. C An opto-

fluidic surface-enhanced Raman spectroscopy platform for 
real-time detection of airborne microorganisms (Choi et  al., 
2020). Reproduced with permission from Elsevier. D A highly 
sensitive human angiotensin-converting enzyme 2 protein 
(ACE2) functionalized silver nanotriangle (AgNT) array local-
ized surface plasmon resonance (LSPR) sensor for rapid detec-
tion of coronaviruses (Yang et al., 2022). Reproduced with per-
mission from Elsevier
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refractive index, and in addition, metal nanoparticles 
neither flash nor bleach, which is favorable for long-
term applications, and is considered to be an ideal 
candidate for a new generation of virus detection 
methods (Lathika et al., 2021; Qiu et al., 2020; Take-
mura, 2021; Yang & Murray, 2022). Wang’s team 
(2018) premixed ESAT-6 with antibodies and added 
them to gold nanoparticles (GNPs) for salt-induced 
aggregation with NaCl. In the presence of divalent 
ions, the space between the GNPs was filled, and the 
solution changed from red to blue with good visual 
detection sensitivity, which could reach a detec-
tion limit of 1.25 pM. The human eye is insensitive 
to changes in optical density of the same color, and 
to improve the sensitivity of visual detection, Xu’s 
team (2017) developed a colorimetric assay for H5N1 
viruses showing multiple color changes. The reduced 
Ag was deposited on the surface of gold nanobi-
pyramids (Au NBPs) to change the refractive index, 
and the color of the solution changed from brown-
ish yellow to green, dark blue, and dark red with the 
increase of the virus concentration, and the vivid 
color changes could easily achieve the semi-quan-
titative detection by the naked eye with the limit of 

detection (LOD) of 1 pg/mL. In Fig. 8, we exemplify 
the most recent and relevant recent reports. 

3.5 � Summary

Conventional detection methods, such as colony 
culture and microscopic observation, are not capa-
ble of rapid and accurate bioaerosol detection in 
the field, although the results are reliable. Table  3 
shows a variety of detection programs or equipment 
in recent years. LFA requires no expensive instru-
ments for visual detection and is suitable for on-site 
detection of the presence of pathogens, as it offers 
lower production costs, ease of operation, real-time 
readout of results, and significant advantages in the 
normalization of detection platforms. Optical detec-
tion methods have a high degree of accuracy for the 
detection of airborne pathogens and are capable of 
quantitative analysis. However, external interference 
from the background environment during on-site 
detection needs to be considered to effectively ana-
lyze the target pathogens. Electrochemical detection 
techniques with high sensitivity are proficiently used 
for the detection of airborne pathogens. The electri-
cal signals generated by the interaction between the 

Fig. 9   Graphical illustrations of several recently developed 
integrated devices. Images are adapted from: A Cho et  al., 
2020. Reproduced with permission from American Chemical 
Society. B Knowlton et  al., 2018. Reproduced with permis-
sion from Springer Nature. C Chen et  al., 2018. Reproduced 

with permission from American Chemical Society. D Seok 
et al., 2021. Reproduced with permission from MDPI. And E 
Kim et al., 2016. Reproduced with permission from American 
Chemical Society
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electrodes and the target can be measured by various 
strategies, but the design of the relevant devices needs 
to take into full consideration the conversion effect of 
the signals when applied in the field.

With the continuous progress of science and tech-
nology, multidisciplinary collaboration has provided 
various bioaerosol detection solutions covering 
molecular biology, smart materials, communication 
technology, nanotechnology, and microscale tech-
nology, including microfluidics (Duarte et  al., 2021; 
Ma et al., 2022; Sun et al., 2022; Wang et al., 2019b; 
Xiong et al., 2021), microelectromechanical systems 
(MEMS) (Chellasivalingam et al., 2020; Chen et al., 
2019; Gong et  al., 2023), 3D printing (Chen et  al., 
2020; Lu et al., 2022), and other technologies, which 
are continuously optimized in terms of detection 
efficiency, economic cost, performance indicators, 
practicality, convenience, and other aspects. Nanoma-
terials are capable of amplifying electrical, optical, 
and visual signals to further improve the platform’s 
performance in detecting trace amounts of infectious 
airborne microorganisms. For example, carbon nano-
materials, including graphene and carbon nanotubes, 
are also emerging as promising candidates for rapid 
diagnostic techniques due to their good mechanical 
properties, scalability, unique optoelectronic prop-
erties, and size comparable to biomolecules such 
as DNA, proteins, or viruses (Bardhan et  al., 2021; 
Lu et  al., 2024). The high selectivity generated by 
protein-based receptors (e.g., antibodies) when 

combined with highly sensitive carbon nanotubes 
can be used for real-time detection of airborne Bacil-
lus cereus (Yoo et al., 2017), allergenic fungi associ-
ated with various allergenic and pulmonary diseases 
(Kim et  al., 2016). In a recent report, Pinals’s team 
(2021) constructed a single-walled carbon nanotube 
(SWCNT) sensor based on non-covalent function-
alization of ACE2, and the SARS-CoV-2 spiking 
protein induced a twofold fluorescence enhancement 
within 90 min of exposure. Preloading or embedding 
a mixture of primers and enzymes on the detection 
unit can facilitate on-site operation and system trans-
portation without affecting detection efficiency (Liu 
et al., 2018a, 2018b).

4 � Integrated sampling and detection systems 
and future perspectives

With the rapid development of sample collection and 
detection methods, the idea of an integrated device 
for both steps has emerged. The most important ben-
efit is to avoid contamination during transfer process, 
including contamination to the sample that could 
affect test results and those potential harm to operat-
ing personnel. It also provides an automatic way of 
monitoring bioaerosols in real time. More impor-
tantly, an all-in-one system could minimize influ-
ence on bioactivity of collected bioaerosols, which is 
vital to accurate detection. However, these integrated 

Fig. 10   Multiple detec-
tion strategies based on 
integrated microfluidic lab-
on-a-chip for the detection 
of bioaerosols
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platforms are flawed in battery run time, sample 
flow rate or level of integration, etc. Figure  9 pre-
sents a direct view to recent examples of integrated 
platforms.

Microfluidics technology requires only nanoliter 
or even picoliter volumes of sample to detect in a 
micrometer-scale structure, significantly increasing 
the specific surface area of the reaction chamber, thus 
facilitating the heat transfer effect of the biochemi-
cal reaction and enabling rapid reactions. This assay 
reduces the time, sample size, and reagent volume 
of traditional methods, allows for automated sample 
manipulation on a chip, and also requires less per-
sonnel handling skills, making it ideal for quick and 
easy monitoring of bioaerosols in the field. Labora-
tory-on-a-chip based on the microfluidic principle has 
been used individually for bioaerosol collection and 
detection techniques. Commercial samplers tend to 
be large and require external pumps becoming a chal-
lenge for simultaneous sampling and detection using 
microfluidic chips. Research on microfluidic plat-
forms integrating capture, enrichment, and detection 
technologies has recently been reported (Duarte et al., 
2021; Lee et al., 2020; Liu et al., 2018b; Ryu et al., 
2020; Sun et al., 2022). A high degree of integration 
minimizes system complexity and enables real-time 
and continuous detection of bioaerosols, enabling 
rapid response to unexpected risks. They enriched 
bioaerosols in a small volume of liquid by designing a 
capture structure or reducing the sampling volume of 
the sampler, etc., which was integrated with a down-
stream detection platform on a microfluidic chip, ulti-
mately realizing in situ sampling of bioaerosol parti-
cles. The capture efficiencies and detection limits of 
the individual chips met expectations, making them 
a promising candidate for the immediate detection of 
trace pathogens in environmental samples (POCT). 
Figure 10 illustrates the idea of microfluidic chips for 
integrated monitoring of bioaerosols. 

Microfluidic technology is becoming more and 
more mature, and as a miniaturized and rapid experi-
mental platform, it is widely used in molecular diag-
nosis, biochemical analysis and other fields. However, 
the design and fabrication of microfluidic platforms 
have a high threshold, requiring repeated testing and 
modification of their structures and functions by spe-
cialized personnel, and high manufacturing costs, 
which hinder the promotion of microfluidic technol-
ogy. Machine learning (ML) is a promising approach 

to identify patterns and predict future behaviors using 
trainable statistical models to automate the design-
test-optimization process of microfluidic platforms, 
reduce the knowledge and experience gaps of non-
professionals in the research and development pro-
cess, and facilitate the commercialization and diffu-
sion of microfluidic platforms (McIntyre et al., 2022; 
Riordon et  al., 2019). Typically, machine learning 
requires large-scale raw data input and computation 
to achieve accurate automated operations, an inef-
ficient and time-consuming approach, and a team of 
researchers is currently using design of experiments 
and numerical methods with machine learning algo-
rithms to accelerate experimental optimization of 
platforms without the need for extensive experimen-
tation (Ahmadi et  al., 2022). Furthermore, mapping 
design and operational parameters to ML models 
enables redesigning the functionality of microfluidic 
platforms, while integration with computer-aided 
design (CAD) frameworks enables automating the 
design of microfluidic platforms (Tsur et  al., 2020; 
Yiannacou et al., 2022).

Artificial intelligence (AI) is an emerging tech-
nology with extremely powerful computational and 
analytical capabilities, and the integration of AI 
and microfluidic technology is a hot spot in current 
research. The large amount of data generated after 
high-throughput testing of the microfluidic platform 
can promote the deep learning of AI, while the pow-
erful processing capability of AI can quickly com-
plete the analysis of the test results of the microfluidic 
platform, and the fusion and synergy between the two 
technologies can enable real-time risk assessment and 
evidence-based public health interventions for patho-
genic microorganisms in bioaerosols(Fang et  al., 
2023; Liu et  al., 2021, 2023). Integrating AI and 
microfluidics facilitates significantly improved analy-
sis of massive datasets obtained from high-through-
put and multiplexed microfluidic platforms (Zare 
Harofte et  al., 2022), while deploying high-density 
detection devices can output real-time maps of air-
borne pathogen distribution and predict transmission 
pathways, translating bioaerosol monitoring results 
into potential individual infection risk probability, 
providing support for public health interventions and 
decision-making.

Although research on integrated bioaerosol moni-
toring platforms has made some progress, there is still 
some room for improvement. Firstly, most devices 
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validate their monitoring performance in simulated 
environments of single or complex bioaerosols, 
and there is a lack of precision and reliability test-
ing of the devices using field samples. Among them, 
enzymes, fluorescent probes, and biochemical rea-
gents are easily affected by environmental factors or 
operational steps and lose their activity. Strategies 
of immobilization or pre-embedding can be adopted 
to reduce liquid transport and thus improve stability. 
Secondly, current detection methods lack a step to 
determine dead microorganisms in collected samples, 
which can lead to an overestimation of the amount of 
pathogenic microorganisms in bioaerosols. Bacterial 
stains (LIVE/DEAD®BacLight™), DNA dyes (pro-
pidium monomethyl azide (PMA) and ethidium mon-
omethyl azide (EMA)), etc., can be used to determine 
microbial activity, but reasonable concentrations for 
use need to be considered to avoid toxicity. Thirdly, 
a wide range of biological and chemical reactions in 
a very small volume of reaction systems character-
ize microfluidic chips, and their potential for high-
throughput, multiplexed detection should be fully 
demonstrated in future design and fabrication to bet-
ter meet the needs of practical applications.

In summary, we reviewed the recent advances in 
collection, enrichment, and detection of bioaero-
sol samples and compared their pros and cons. The 
future trend in on-site monitoring of disease-causing 
pathogens in bioaerosols involve the use of miniatur-
ized and integrated multiplexed detection platforms 
to realize real-time detection. In recent years, numer-
ous achievements have been made in the field of bio-
aerosol collection and detection in conjunction with 
emerging science and technology. The rapid growth 
in microfluidic chips and artificial intelligence pro-
vided more versatile solutions. The future challenge 
lies in how to cost effectively minimize the influence 
of interfering components in collected sample and 
how to establish reliable validation standard to test 
these systems. The first challenge is mostly related 
to development of microfabrication and the design 
of microfluidic devices. The high price is due to the 
constant changing chip design and low requirement 
in amount of chips. Once the design is well tested, 
there are many ways to reduce the cost of microflu-
idic chips, such as injection molding. The second 
challenge is due to the complex composition of real 
field samples. There are microorganisms, organic 
molecules, inorganic compounds, and particles in 

collected real sample that might affect the activity 
of recognition sites and cause error in detection pro-
cess, but the standard sample used during research 
and development do not mimic such effect. As the 
result, the systems based on standard sample may not 
perform well when dealing with real samples. This 
poses high requirement to enrichment procedure, 
especially in selectivity and recover rate of targets. 
Another aspect is the varying working environment, 
including temperature, light, radiation, humidity, con-
taminates that may cause unfavorable condition in 
working media (such as pH change), etc. A portable 
on-site monitoring device should be tested under dif-
ferent situations so that the results are not influenced 
with unconventional working environment. Last but 
not least, researchers should combine both direct and 
indirect validation to ensure reliable results. Direct 
validation could be achieved by building a secure 
chamber and release real sample containing patho-
gens, and the chamber could be fully sterilized after 
validation of monitoring effect. The indirect valida-
tion is based on non-pathogenic surrogate or mock 
target, which are similar to pathogens but are not as 
dangerous as real pathogens.
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