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ABSTRACT: Recent evidence has pinpointed the positive relevance
between air particulate matter (PM) pollution and epidemic spread.
However, there are still significant knowledge gaps in understanding
the transmission and infection of pathogens loaded on PMs, for
example, the interactions between pathogens and pre-existing
atmospheric PM and the health effects of co-exposure on the
inhalation systems. Here, we unraveled the interactions between fine
particulate matter (FPM) and Pseudomonas aeruginosa (P. aeruginosa)
and evaluated the infection and detrimental effects of co-exposure on
the upper respiratory systems in both in vitro and in vivo models. We
uncovered the higher accessibility and invasive ability of pathogens to
epithelial cells after loading on FPMs, compared with the single
exposure. Furthermore, we designed a novel laboratory exposure
model to simulate a real co-exposure scenario. Intriguingly, the co-
exposure induced more serious functional damage and longer inflammatory reactions to the upper respiratory tract, including the
nasal cavity and trachea. Collectively, our results provide a new point of view on the transmission and infection of pathogens loaded
on FPMs and uncover the in vivo systematic impairments of the inhalation tract under co-exposure through a novel laboratory
exposure model. Hence, this study sheds light on further investigations of the detrimental effects of air pollution and epidemic
spread.
KEYWORDS: particulate matter, pathogens, inhalation system, upper respiratory tract, inflammation

■ INTRODUCTION
Air pollution poses an outstanding challenge to public health
and even pathogen epidemics.1−3 Particulate matter (PM), a
particulate component of air pollution, can increase the
occurrence of various detrimental health effects.2,4−6 Recently,
mounting data have evidenced the implications of PMs in
pathogen (e.g., bacteria and viruses) transmission and
epidemic spreading.3,7−10 For instance, many epidemiological
studies have suggested that PM pollution is positively
correlated to clinical influenza-like illness, active tuberculosis,
and even the 2019 novel coronavirus (SARS-CoV-2).11−14 Of
note, it has also been proposed that pathogens, such as
bacteria, fungi, and viruses, could attach to dust particles or
tiny droplets as bioaerosols.8,12,15−17 Although a large amount
of evidence indicates the possibility for pathogens traveling and
transmitting through hitchhiking with PMs, much less is
understood regarding the co-exposure of PMs and pathogens.
In fact, numerous questions need to be answered, that is, how
pathogens load on PMs, whether the co-exposure of PMs and
pathogens together would induce more severe detrimental
effects, and what are the long-term effects of co-exposure to
PMs and pathogens together on the respiratory system. To

illustrate the scale of the questions, it would be of great
significance to fill these knowledge gaps on pathogen loading
on PMs and their health risks.

While many recent studies have debated the existence of
viruses, especially SARS-CoV-2, on atmospheric PMs,18−21

other kinds of pathogens, such as bacteria and fungi, could be
detected in PMs.22−24 To date, an increasing number of
studies have pointed out that bacteria in the atmosphere can
enter the human body through the respiratory tract, posing
threats to human health and causing serious public health
problems, including infections, acute toxic effects, allergies, and
even cancers.22,23,25 At present, many studies have focused on
the relationships between PMs, especially fine particulate
matters (FPMs), and bacterial infection of the lung.26−31 For
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example, Mushtaq et al. found that FPMs could facilitate
bacteria adherence to lower airway cells and increase the
vulnerability of cells.26 Liu et al. proposed that exposure to
FPMs promoted ROS generation in lung epithelial cells and
disrupted the epithelial barrier, leading to the invasion of
Pseudomonas aeruginosa (P. aeruginosa).28 Shears et al.
suggested that exposure to diesel exhaust particles would
retard the phagocytic function of alveolar macrophages and
increase pneumococcal infections in the lung.30 Despite these
mechanisms, several puzzles remain to be figured out. First, the
exposure procedures of recent studies often administrated PMs
and bacteria separately.3,28,30 The exposure mode simulates the
separate scenarios, namely, the damage to the respiratory
system after PM pollution and, per se, the defense against
pathogen invasion. Under this premise, here is limited
understanding of the scenario of co-exposure to PMs and
pathogens as well as the related detrimental effects, which need
to be elucidated. In addition, most studies have focused on the
health effects of the lung because the lungs are commonly
regarded as the first target organs.4 The defensive role of the
upper respiratory tract against exotic invaders has been largely
omitted. In fact, the upper respiratory tract plays an important
role in defense and clearance of exotic invaders such as FPMs
and pathogens. Therefore, the effects of co-exposure on the
upper respiratory tracts warrant detailed investigation.

To solve the above questions, we scrutinized the interaction
between various FPMs and one typical respiratory pathogen,
that is, P. aeruginosa, and the in vitro invasive ability to
epithelial cells. In addition, to understand the health risks upon
co-exposure in vivo, a chamber for animal experiments was
designed by generating several airflows for inhalation exposure
under various conditions. Based on the designed inhalation
exposure model, impairments in the upper respiratory system
were further investigated. Together, our combined results
systematically unraveled the detrimental effects of co-exposure
to FPMs laden with pathogens on the upper respiratory system
as well as the whole body.

■ MATERIALS AND METHODS
Bacterial Strain. P. aeruginosa was obtained and

maintained with approval from the Ethics Committee at the
Research Center for Eco-Environmental Sciences, Chinese
Academy of Sciences (Beijing, China). Bacterial cell growth
efficacy was determined through growth curves reflective of
absorption at OD600 and colony forming unit (CFU) counting.
Plasmid pMF230 was a gift from Michael Franklin (Addgene
plasmid # 62546; http://n2t.net/addgene:62546; RRID:
Addgene_62546).32

FPM Preparation and Characterization. The ultrafine
test dust sample (i.e., dust) was purchased from Powder
Technology Incorporated (USA).33 The SiO2 and Al2O3
particles were purchased from Sigma-Aldrich (USA). Black
carbon (BC) particles were combusted from corn straw under
oxygen-limited conditions at 600 °C. The obtained biochar
was crushed in deionized (DI) water, and the fractions that
passed through a 3 μm sieve were collected using 0.22 μm
filters and then dried at 105 °C for 48 h. The collected BC
particles were then applied for further experiments. The
fluorescent polystyrene (FPS) particles were purchased from
Baseline, Inc. (China). The physical dimensions and
morphology of these FPMs and the interaction between
FPMs and P. aeruginosa were characterized by scanning
electron microscopy (SEM, SU-8020, Hitachi, Germany).

Cell Culture and Cytotoxicity Assessment. Epithelial
A549 cells were purchased from the Shanghai Cell Bank of
Type Culture Collection (China) and were cultured in
Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS, Gibco, USA) and 100 U/
mL penicillin−streptomycin (HyClone, USA). Cells were
cultured at 37 °C in a humidified incubator with 5% CO2. For
cytotoxicity assessment, A549 cells were treated with FPMs at
various concentrations for 24 h after seeding in a 96-well
(Corning, USA) plate overnight. Cytotoxicity was then assayed
using a Cell Counting Kit-8 (CCK-8) following the standard
manufacturer’s instructions (Solarbio, China).
Molecular Dynamics Simulations. Briefly, the

CHARMM36 all-atom (AA) force field34 and INTERFACE
force field35 were used to capture the interactions of the Gram-
negative bacterial outer membrane (lipopolysaccharide, LPS
and 1-palmitoyl-2-oleoyl-phosphatidylethanolamine, POPE)36

with materials including SiO2, carbon base, polystyrene, and
Al2O3. The crystal structures for these materials were adopted
from the Materials Project.37 The x−y dimensions of the
simulation boxes were fixed at 8 nm × 8 nm, and periodic
boundary conditions were applied to all dimensions (namely,
the surface was infinite in x−y dimensions). Each of the
simulation systems went through a 20 ns production run with a
time step of 2 fs and GROMACS software (version 2019.6)
after a 5 ns pre-equilibrium process.
Bacterial Invasion Assay. A549 cells were seeded into 12-

well plates (Corning, USA) overnight. The FPMs in
phosphate-buffered saline (PBS) at various concentrations
were first incubated with P. aeruginosa at multiplicities of
infection (MOI) of 10 for 30 min at 37 °C (OD600 0.25 = 1 ×
108 CFU/mL). Then, the medium of the cells was replaced by
the medium with DMEM containing the corresponding
concentrations of particles and bacterial suspension for 4 h
at 37 °C and 5% CO2. After that, the supernatants were
removed, and the cells were washed 3 times with PBS. In
addition, 200 μg/mL gentamicin sulfate (Sigma-Aldrich, USA)
was added to the wells and incubated for another 2 h to
eliminate the extracellular bacteria. Subsequently, the cells
were washed 5 times with PBS and lysed with 0.1% Triton X-
100 (Sigma-Aldrich, USA). The lysates were then serially
diluted and plated onto agar plates with ampicillin in triplicate.
The numbers of invasive bacteria were counted according to
the CFU.
Bacteria Adhesion Assay. The adhesion of P. aeruginosa

to A549 cells was assessed by using a standard bacterial
adhesion assay.26 Briefly, A549 cells were seeded into 12-well
plates (Corning, USA) overnight. The FPMs at various
concentrations (i.e., 5, 10, and 50 μg/mL) were first incubated
with P. aeruginosa at an MOI of 10 for 30 min at 37 °C. Then,
the medium of the cells was replaced by the medium with
DMEM containing the corresponding concentrations of
particles and bacterial suspension for 4 h at 4 °C. After that,
cells were washed 5 times with PBS to remove loosely attached
P. aeruginosa. Cells were then removed from the 12-well plates
and lysed with 0.1% Triton X-100 (Sigma-Aldrich, USA), and
the lysates were then serially diluted and plated onto agar
plates with ampicillin in triplicate. The numbers of adherent
bacteria were counted according to the CFU.
Chamber Operation. The main body of the chamber (250

× 250 × 350 mm) was constructed using acrylic. Briefly,
particle (i.e., SiO2) flow was generated using a small-scale
powder disperser (3433, TSI, USA) and it maintained a steady
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concentration (i.e., ∼38 ± 3 μg/m3) in the chamber,
monitored by DUSTTRACK DRX (8533, TSI, USA). The
bacteria suspension was added to a modified nebulizer (NE-
C900, Omron, China) to generate aerosol droplets containing
bacteria. The mice were placed in the bottom of the chamber
under various exposures.
Animal Experiments. BALB/c mice (male, 6−7 weeks

old) were obtained from Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). All animal experimental
protocols were approved by the Animal Ethics Committee at
the Research Center for Eco-Environmental Sciences, Chinese
Academy of Sciences (Beijing, China). All animals were
housed and maintained in a specific pathogen-free (at the SPF
grade) and aseptic animal facility. Mice were placed into the
chamber for exposure under clean air, FPMs only (i.e., SiO2),
P. aeruginosa only, or co-exposure for 30 min. After that, the
mice were sacrificed at various timepoints. Then, the nasal
cavities, tracheas, lungs, and blood were collected. The tissues
were fixed in PBS-buffered 10% formaldehyde solution,
embedded in paraffin, and sliced into sections for hematox-
ylin−eosin (H&E) staining, following a standard procedure.
The collected blood was analyzed by complete blood count
(CBC) analysis. The nasal washes were collected by using PBS,
further serially diluted, and then plated onto agar plates with
ampicillin in triplicate. The numbers of loading bacteria were
counted according to the CFU. The mucociliary clearance
(MCC) was evaluated according to a method reported
previously and through high-resolution live-cell confocal
imaging microscopy (OLYMPUS IX83ZDC, Japan).38

Statistical Analysis. All data were shown as the mean ±
standard deviation (SD) and were analyzed with GraphPad
Prism software (version 8.0.2). The independent t-test was
applied for comparisons between the control and different
groups. P < 0.05 herein was considered statistically significant.

Statistical significance between groups (*) P < 0.05, (**) P <
0.01, and (#) P < 0.001.

■ RESULTS AND DISCUSSION
FPMs Facilitate Pathogen Accessibility and Invasion

to Epithelial Cells. The interaction and invasive ability of P.
aeruginosa co-exposure with various FPMs on epithelial cells
A549 were evaluated. Hereby, different types of FPMs, that is,
dust, SiO2 particles, BC, microplastic particles, and Al2O3
particles were chosen to represent the real FPMs because
these compositions were commonly found in atmospheric
environments.3,39 The dust sample is a mixture of ambient fine
particles containing silica (69−77%), aluminum oxide (8−
14%), and other minerals taken from the real environment and
is commonly applied to represent real PMs.33 In addition,
model FPMs with simple compositions, such as silica (SiO2)
particles, aluminum oxide (Al2O3) particles, and microplastics
(fluorescent polystyrene) particles, were chosen to represent
the real PMs according to the major components of dust
samples and model FPMs applied in previous studies.33,40,41

The SEM images showed that the five model particles
appeared in different morphologies, but all had a size of
approximately 2 μm (Figure S1), consistent with the size of
real FPMs. In specific, the SiO2 and FPS particles were spheres
with smooth surfaces, and BC particles appeared as sheet-like
morphologies. The dust and Al2O3 particles appeared as
aggregates with amorphous morphologies.

Furthermore, the interactions between particles and P.
aeruginosa were further characterized. After incubation for 30
min at 37 °C, the stably adhered bacteria on the surface of the
particles were characterized, as shown in Figure 1A−E.
Intriguingly, the interactions of P. aeruginosa with different
particles were different. For example, because of the rough
surface of dust and Al2O3, the bacteria tended to “scratch” on
the relatively smooth part of the particles. In contrast, the

Figure 1. Characterization of the interaction between various FPMs and P. aeruginosa, and the co-exposure invasion ability to A549 cells. SEM
images of the interaction between P. aeruginosa and dust (A), SiO2 particles (B), BC particles (C), FPS (D), and Al2O3 particles (E). Invasion
ability to A549 cells is evaluated followed by infection with P. aeruginosa and various FPMs (F−J). CFU counts are performed to determine the
number of viable P. aeruginosa. Statistical significance between groups: (*) P < 0.05 and (**) P < 0.01.
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bacteria “curled up” to adhere to the spherical SiO2 and
microplastic particles. Thereafter, the different interactions
between the surface of the model FPMs and the membrane of
P. aeruginosa (i.e., Gram-negative bacteria), namely, the
adsorption Coulomb energy and the adsorption van der
Waals energy, were calculated through the MD simulations.
The adsorption energies between FPMs and bacteria were

negative, reflecting the thermodynamic feasibility of bacterial
adsorption to FPMs (Figure S2). In addition, the various
surfaces showed different adsorption abilities to bacteria. In
specific, the adsorption energies of bacteria to Al2O3 were
much lower than those to SiO2, indicating that the bacteria
stayed more stable on the surface of Al2O3 than SiO2. It should
be noted that the different interaction patterns between FPMs

Figure 2. Laboratory co-exposure model and the inflammatory reaction of different exposure patterns. Photograph (A) and scheme (B) show the
designed chamber for various exposure patterns, including FPMs/pathogens-only and co-exposure.

Figure 3. Histology and physiology of nasal cavity after various exposure patterns. Bacteria loading in nasal cavity after co-exposure (A) and
bacteria-only exposure (B). (C) Histology stained with H&E of nasal cavity from mice exposed to clean air, FPMs-only, bacteria-only, and co-
exposure for 30 min. Thickness of nasal transitional epithelium (e) is measured. Inflammatory cell influx is indicated by yellow arrowheads. (D)
Histology stained with AB/PAS of the nasal cavity from various exposure patterns. Nasal transitional epithelium (e) is denoted by blue dash circles,
and the mucosubstances are indicated by red arrowheads.
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and bacteria largely depended on the surface properties of
FPMs and may further affect the viability and invasion of the
adherent bacteria.22,42,43

Then, the invasive ability of co-exposure (i.e., FPMs and P.
aeruginosa) was examined. The treatment of FPMs did not
induce detectable cytotoxicity to the cell and bacteria using the
currently available toxicity assays (Figures S3 and S4). In
general, the co-exposure of FPMs and P. aeruginosa increased
the invasive ability of P. aeruginosa, as shown in Figure 1F−J.
Moreover, various FPMs exhibited different enhancements in
the invasion of P. aeruginosa. For instance, the spherical SiO2
and FPS particles significantly increased the invasive ability of
P. aeruginosa (Figure 1G,I). Intriguingly, the invasion ability of
P. aeruginosa loaded on the FPMs was correlated with the
combined adsorption energies (namely, the Coulomb energy
combined with the van der Waals energy, Figure S5). The
lower adsorption energy of bacteria onto the surface
pinpointed the stronger interactions between the FPMs and
bacterial membranes, which retarded the movement and
invasion ability of the adherent bacteria. The adherent bacteria
tended to scratch onto the FPMs instead of translocating from
the FPMs into cells. In addition, the smooth surface may
provide more binding sites for bacteria and then enhance the
accessibility of bacteria to the cells. On the contrary, the rough
surface of dust and Al2O3 particles cannot provide enough
binding sites, and the increase in invasion was much less than
that of spherical particles (Figure 1F,J). To confirm the
accessibility of bacteria to cells, bacterial adhesion to A549
cells after co-exposure was further evaluated (Figure S6). The
FPMs significantly increased the adherence of P. aeruginosa to
A549 cells. In specific, the adherent bacteria on different FPMs
exhibited the corresponding invasive ability. Thus, the results
supported that the co-exposure of FPMs and bacteria
obviously enhanced the accessibility of P. aeruginosa to cells
and, thereafter, increased the possibility of infection.

Typically, the spread and biological accessibility of bacteria
could be enhanced through hitchhiking onto FPMs. For
instance, it has been reported that the FPMs could enter the
respiratory tract, and the ultrafine particles could even enter
deep into the lung and cross the air−blood barrier.3,4,44

Specifically, the FPMs have been found in the human serum,
pleural effusion, heart tissue, vascular inflammation, brain, knee
joint, and placenta.45−51 Thus, the hitchhiking bacteria might
translocate to deeper respiratory tract through adhering to the
FPMs and then increase the accessibility and infective
possibility to the lung and even the extra-pulmonary organs.
However, the possibility is largely dependent on the
concentration of airborne bacteria, and it seems to usually
occur in indoor environments, for example, hospitals.18 It
should also be noted that exposure to FPMs could increase the
vulnerability of cells and make cells defenseless to
pathogens.27,28 Therefore, the co-exposure of FPMs and
bacteria significantly increased the accessibility of P. aeruginosa
and inhibited the resistance of epithelial cells, which further led
to higher invasion of bacteria.
Laboratory Co-Exposure Model Setup and the

Influence on the Nasal Cavity. As previously stated, it has
been proposed that FPMs impair the functions of the
inhalation system via inducing oxidative stress, which further
increase the infection efficiency of pathogens.28 However,
because of the deficiency of the exposure patterns, limited
studies have discussed the co-exposure of FPMs and
pathogens, as well as the related health effects. Here, to better

imitate a real co-exposure scenario, we designed and
constructed a chamber for animal experiments, as shown in
both the photograph and scheme (Figure 2). The animals
could be exposed to variable FPMs under different
concentrations and different pathogens (e.g., bacteria, fungi,
and viruses), which warrants further investigation in the future
studies. It should also be noted that this laboratory model
made the interaction between FPMs and pathogens more
effective than that in the real atmosphere environment.

To better imitate a real PM exposure, we used SiO2 particles
(a major component in the real dust sample) as a
representative of FPMs. The BALB/c mice (male, 6−7
weeks old, 20 g for average weight) were exposed to single
FPMs (i.e., SiO2 particles), single bacteria, or the co-exposure
experiment for 30 min. After that, to examine the transmission
ability of bacteria loading on the FPMs, the nasal wash of the
mice exposed to particles combined with bacteria and bacteria
only were collected. The bacterial loads in nasal wash were
then evaluated. Intriguingly, co-exposure significantly increased
the bacterial loads in the nasal cavity, compared with the
bacteria-only exposure (Figure 3A,B). The results indicated the
possible “vehicle” properties of FPMs, that is, to carry and
facilitate the bacteria to enter the nasal cavity as well as the
whole upper respiratory tract. Intriguingly, co-exposure seemed
to accelerate the clearance of the nasal tract (namely, the
innate protection mechanism of the body), as there was a
significant decrease (approximately 50%) in CFU counts in the
nasal wash quickly within 3 h after exposure (Figure 3A).
However, whether the invaders were cleared or translocated to
the trachea could not be defined. In contrast, the exposure of
bacteria only induced slower clearance because there was no
significant decrease in CFU counts at 3 h (Figure 3B). The
results eventually indicated the significant stimuli of inhaled
FPMs on the upper respiratory tract, corresponding to
previous studies.26 In addition, most of the bacterial loads in
the nasal cavity would be cleared in 24 h after both exposure
because of physical and immune clearance by epithelial
structures because there was no bacterium detected in nasal
wash (Figure 3A,B).52

Thereafter, the nasal histopathology was examined after
various exposure patterns. As a consequence, there was a
significant increase in the thickness of the nasal transitional
epithelium (e) (Figure 3C). In specific, co-exposure induced a
much higher increase in the thickness of the nasal transitional
epithelium, that is, 19.23 μm, compared with the 7.23 μm
thickness of the untreated control. Moreover, while the
thickness of the nasal transitional epithelium after particle
exposure and bacteria exposure also increased, to 9.27 and
12.84 μm, respectively, the thickness of the nasal transitional
epithelium upon co-exposure showed the highest increase. The
nasal transitional epithelium is the first and an important
defense of the upper respiratory tract that protects the body
from potentially dangerous inhaled particles and pathogens.52

The thicker nasal transitional epithelium indicated hyperplasia
and hypertrophy of epithelial cells after exposure.53 Specifi-
cally, there was a marked inflammatory cell influx in the lamina
propria of the nasal mucosa after co-exposure (yellow
arrowheads showed), indicating an inflammatory reaction
after co-exposure treatment. In addition, the nasal histopathol-
ogy was examined after exposure for 3 h. The nasal transitional
epithelium was still thicker than that of the untreated control
after co-exposure, indicating long-term effects on the nasal
cavity (Figure S7).
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Furthermore, the staining for AB/PAS-positive mucous cells
and mucosubstances was examined. The mucosubstances
significantly increased after all treatments, indicating the
induction of physical defense in the nasal cavity to clear the
exotic invaders (Figure 3D).53 Of note, co-exposure induced
the highest increase in mucosubstances compared with other
treatments, indicated by the intensity of the darkened blue
color. In addition, the thickened nasal epithelium in mice
exposed to particle and combined treatment could be notified
(blue circles), corresponding to the H&E results. In addition,
the density of intraepithelial mucosubstances increased upon
particle-only and co-exposure, compared to the untreated
control and bacteria-only, as shown by red arrowheads (Figure
3D). These results correlated with the reaction upon particle
invasion and clearance. Otherwise, 3 h after exposure, the
mucosubstances under co-exposure still exhibited the highest
intensity, especially compared with the particle-exposure-only
group (Figure S8), in analogy to the higher bacterial loading
after 3 h (Figure 3A).

Our results clearly presented the states of bacteria, that is,
free bacteria and bacteria loading on the FPMs had effects on
the biological availability. Taking advantage of the FPMs, more
bacteria could enter the nasal cavity, and then induce more
severe reactions. We found a strong reaction of the nasal
transitional epithelium and mucosubstances after co-exposure,
as more mucosubstances were secreted by mucous cells to

clear invaders. However, whether the FPMs and bacteria were
cleared by nasal transitional epithelium and mucosubstances,
or able to escape from clearance and enter the lower
respiratory tract, needs to be further examined.
Co-Exposure of FPMs and Pathogens Impairs the

Functionality of the Trachea and MCC. Our data thus far
indicated that co-exposure to particles and bacteria could affect
the microenvironment of the nasal cavity in specific conditions.
Documented by previous studies, FPMs could translocate into
the tracheal tissues.2 Therefore, we examined the histopathol-
ogy and MCC functionality of the trachea. Compared with the
control group, the cilia structures of ciliated cells, which are
responsible for clearing exotic pathogens and particles, were
damaged after particle-exposure-only and co-exposure (Figure
4A, yellow arrowheads). On the contrary, negligible impair-
ments to ciliated cells were found under the bacteria exposure.
In addition, significant inflammatory cell infiltration under the
epithelium could also be found after co-exposure (Figure 4A,
blue arrowheads). It has been proposed that the impairment of
epithelial cells and ciliated cells in the trachea would enhance
the invasion of pathogens in the inhalation.54 Hence, these
results suggested that the tissue functions of epithelial cells,
especially ciliated cells, were impaired after co-exposure.

Furthermore, the MCC was examined to determine the
impact of different exposure patterns. MCC is an important
innate defense mechanism that is responsible for removing and

Figure 4. Histology and physiology of the trachea structure after various exposure patterns. (A) Histology stained with H&E of the trachea from
mice exposed to clean air, FPMs-only, bacteria-only, and co-exposure for 30 min. The cilia structure is denoted by yellow arrowheads, and the
inflammatory cell influx is indicated by blue arrowheads. (B−D) Different exposure patterns affected MCC. (B) Representative projected images of
labels diffusion over a span of 0.03 s. (C,D) Distance and speed of cilia-generated flow are measured by multiple particle tracking. Statistical
significance between groups: (*) P < 0.05 and (#) P < 0.001. NS represents no significance between the two groups.
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clearing exotic pathogens, allergens, and particles by ciliary
action.38 Here, we applied a method to determine the impact
of different exposure on the function of the MCC.38,55 It has
been proposed that the MCC should increase after exposure to
clear inhaled invaders.55 Hence, tracheal MCC was signifi-
cantly increased after inhalation exposure in the chamber,
indicating that the body innate defense system was stimulated
by exotic invaders (Figure 4C,D).55 Both the track distance
and mean speed significantly increased in the trachea of mice
after exposure, which reflects the vigorous movement by cilia.
In specific, the particle-only exposure increased the moving
distance by approximately 45% and the moving speed of cilia
by approximately 40% (P < 0.001). Exposure to bacteria alone
increased the moving distance by approximately 55% and the
moving speed of cilia by approximately 40% (P < 0.001). The
strong movement of cilia after exotic invader exposure
pinpointed the fast clearance of the trachea from further
damage and infections. Intriguingly, the MCC was severely
impaired in the trachea after co-exposure, especially for the
moving distance of the cilia. The retarded movements of cilia
indicated the functional damage. Therefore, the impaired
MCC ability corresponded to the histopathology of the
trachea, indicating the damage of the cilia structure, and may
cause more serious infections.

The trachea is an important connection between the upper
and lower respiratory systems. The impairment of the cilia
structures and functions would induce detrimental outcomes,
especially pathogen invasions. Previous studies that applied
intranasal or intratracheal administration often ignored the
influences on the nasal and tracheal parts. Our exposure model
demonstrated that the co-exposure of FPMs and loaded
bacteria rendered mice more pathological consequences of
structural damage and inflammatory activation in the trachea
of mice. Moreover, co-exposure impaired the MCC function of
the trachea and the tissue repair function of airway epithelial
cells.
Co-Exposure of FPMs and Pathogens Predisposes

Mice to the Inflammatory Reaction. In addition, we
further examined the systematic inflammatory reaction after
different exposure patterns. According to the analysis of blood
specimens, the co-exposure elicited a more severe inflamma-
tory reaction than the other two single exposures (Figure 5A−
C). In specific, the white blood cell (WBC) count of the co-
exposure group significantly increased approximately two-fold
compared with that of the control group at 48 h and recovered
to a normal state at 72 h after exposure, indicating the long
inflammatory reaction in mice. Remarkably, the WBC count of
the co-exposure group at 48 h was much higher than that of

Figure 5. Inflammatory reaction and the histology of the lung after various exposure patterns. Typical inflammatory cells in peripheral blood
specimens, that is, WBC (A), NE (B), and LY (C) under different exposure conditions are measured for 72 h after treatment. (D,E) Histology
stained with H&E of lungs from mice after exposure to clean air, FPMs-only, bacteria-only, and co-exposure for 0 h (D) and 24 h (E). Infiltration of
inflammatory cells is denoted by yellow arrowheads, and the congestion is indicated by blue arrowheads. Statistical significance between groups:
(*) P < 0.05, (**) P < 0.05, and (#) P < 0.001.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c03856
Environ. Sci. Technol. 2022, 56, 15892−15901

15898

https://pubs.acs.org/doi/10.1021/acs.est.2c03856?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c03856?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c03856?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c03856?fig=fig5&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c03856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


bacteria-only (P < 0.001) and particle-only (P < 0.01) groups.
Consistently, the neutrophil (NE) and lymphocyte (LY)
counts exhibited the same change trends after co-exposure. In
addition, the expression of interleukin-6 (IL-6) in sera after
exposure also supported the systemic inflammatory reaction in
mice (Figure S9). Of note, the inflammatory reaction
corresponded to inflammatory cell infiltration in the nasal
cavity and trachea after co-exposure. On the contrary, the
inflammatory cells in the peripheral blood of the bacteria-only
and particle-only groups slightly increased at 24 h after
exposure and returned to a normal state at 48 h. The different
change trends of the inflammatory cells after exposure
pinpointed that the co-exposure would induce a more severe
inflammatory reaction in the inhalation system, as well as the
immune system of the whole body.

It should be noted that only particles with ultrasmall sizes,
namely, the ultrafine particles, could enter deeply in the lungs.
Our model FPMs should be cleared by the upper respiratory
system. In fact, the lavage fluids from the lung did not contain
any bacteria, as confirmed by polymerase chain reaction
(PCR) analysis and plate count experiments (data not shown).
However, as systematic inflammatory reactions were induced
after co-exposure, the indirect influence on the major organ in
the respiratory system, that is, the lung, was further examined.
The histopathology of the lung was examined right after
exposure (i.e., 0 h) and 24 h after exposure (Figure 5D,E).
Compared with the untreated control, significant alveolar
injury and inflammation coupled with infiltration of inflam-
matory cells (yellow arrowheads) after various treatments was
recognized. In specific, the pronounced congestion was
observed after co-exposure (blue arrowheads), revealing the
structural damages after co-exposure. Although the FPMs and
bacteria did not reach the lower respiratory system,
inflammatory injury was induced after exposure. In addition,
after 24 h, the inflammation in the lung was still not alleviated
and repaired, indicating the long-term injury of the co-
exposure (Figure 5E).

The remarkable inflammatory reaction after co-exposure
apparently indicated more severe infections of bacterial loading
on the FPMs. Moreover, in contrast to previous studies that
explicated the damage of FPMs to the respiratory systems, this
model revealed the difference in transmission and invasion by
bacteria loaded on FPMs, that is to say, the damage and
inflammation would be enlarged and prolonged. Of note,
although the bacteria loaded on the FPMs may not enter the
lung system, the inflammatory reactions induced by the
bacteria would evoke the body immune system and then affect
the whole respiratory system. In addition, under the same
period of exposure, the co-exposure obviously induced more
serious reaction in the lung. A heavily inflammatory micro-
environment of the lung further induces damage and diseases,
such as chronic obstructive pulmonary disease (COPD) and
pulmonary fibrosis.4

We here reported the health effects of co-exposure of FPM
and pathogens, that is, P. aeruginosa, on the upper respiratory
tract as well as the systematic reaction. Airborne FPMs could
load with pathogens, such as bacteria and viruses, while
floating and then facilitate pathogen transmission and
infection.3,10 Recent studies have often applied nasal
instillation or intratracheal administration to study the health
effects of air pollution.28,30,40,47,56 These exposure methods
could simulate inhalation exposure and refer to detrimental
outcomes somehow. However, the particles should be

suspended in the solution before administration, and this
process apparently is not realistic. Therefore, limited by the
experimental procedure, previous studies have focused on the
impairments to the respiratory systems caused by PM pollution
and the defenseless outcomes under pathogen invasion. The
separate exposure cannot reflect one process, that is, the FPMs
laden with bacteria and then co-exposed to body systems.
Hereby, our established model could simulate the exposure of
FPMs laden with pathogens simultaneously and reveal a more
realistic scenario, which helped us to elicit and explore the
related health effects. In specific, the laboratory model made
the mixture of pathogens and particles lead to a more effective
interaction than that in real-world cases, leading to a better
understanding of the co-exposure scenario. It also should be
noted that because of the limit data of this study, more efforts
could be focus on the differences between various FPMs and
even real PM samples, the influences of the particle size and
concentration, and the effects after acute and long-term
exposure based on experimental periods. Nevertheless, our
results uncovered that the pathogens loaded on the FPMs
gained more accessibility to the upper respiratory tract and
could induce more serious inflammatory and immune
reactions. This study thus offers a new point of view to
study the health risks of air pollution.
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