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ABSTRACT

Particulate matter (PM), a mixture of solids, liquids and gaseous matters, is produced by natural
environment or anthropogenic activities. Attribute to their small size and light weight, they could exist
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in human surroundings for a long time and migrate from long-distance. Particulate matter enters human
body through respiratory tract, digestive tract, skin contact and other ways to cause damage to cells and
organs, which is called particle disease. This review summarized the particles and their hazards that have
attracted attention in recent years, the toxicity of cells and organs after entering human body, and we
also concluded the potential markers indicating of cell and/or tissue toxicity. It should be useful for the
research in prevention and treatment of the hazard of particulate matter on human health.
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Introduction

Particulate matter (PM) is a mixture of solids, liquids and
gaseous matters commonly contains inorganic components
and organic components which is produced by natural sources
and anthropogenic activities [1]. According to GBD 2015 Risk
Factors Collaborators, 4.24 million people deaths in 2015 were
attributed to ambient particulate matter, 2.85 million deaths
due to household pollution from solid fuels, 0.25 million deaths
due to ambient ozone pollution, 0.49 million deaths due to
lead exposure, 0.49 million deaths due to various occupational
exposures and 7.16 million deaths due to tobacco smoke [2]. So,
it is urgent to recognize the composition of PM and its threat to
human health.

While these particles are so common in daily life, human is
exposed and ingest these particles through a variety of pathways,
including respiration, digestion, direct skin contact, iatrogenic
implantation, etc. These particles have a wide variety of physico-
chemical components and sources. At present, the research is
still using commercial products based on its main components
or directly collected from the atmosphere. After entering the
human body, particles will cause cell and tissue toxicity and
endanger human health. However, particles used in medicine
may have some positive effects on human health, such as targeted

therapy and drug delivery. The adverse effects of PM on human
health mostly are based on mass concentration, particle size and
composition, which are important parameters for the prevention
and treatment of diseases induced by [3].

On the one hand, PM could be classified into three categories
based on their aerodynamic diameter: (I) coarse particulate
matter (PM_ ) with an aerodynamic diameter of less than 10
um or (ll) fine particulate matter (PM, ) with an aerodynamic
diameter of less than 2.5 um or (Ill) ultra-fine particle (PM )
with a diameter of less than 0.1 um [4]. “Lung airways and alveoli
retain mostly PM, _ rather than PM_  [5].” On the other hand, PM
should also be classified into natural sources and anthropogenic
activities. Natural source includes volcanoes, dust storms, forest
fires, living vegetation, and sea spray. Anthropogenic sources
are highly variable and include solid-fuel (coal, lignite, heavy oil,
and biomass) combustion, industrial and agricultural activities,
erosion of the pavement by road traffic, and abrasion of brakes
and tires [4].

In this study, we summarized the update studies in particulate
matter, including their size, the way to enter the human body, the
potential hazard to the human body, the potential biomarkers
for detection of particle toxicity and classified into two methods,
one based on the diameter of the particle and another based
on the source of the particle. All of these will offer an overview
of the particulate matter and binging a glimmer of light for the
prevention and treatment of particulate matter related disease.
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Particles Classification According to Size

PMlO

The United States Environmental Protection Agency (US-EPA) set
up an outdoor air quality standards for PM_ in 1987 at 150 pg
m~? of 24-h of average concentration. The mainly source of PM |
were biomass burning in mainland Southeast Asia and saltation of
agricultural soils [6,7]. Among the chemical composition of PM_,
SiO,, organic carbon, 5042', NO, were the major elements, and Cu,
Ti, Mn, Ba were trace elements [8]. However, as Roberto Rojano
pointed out in another study, the highest content of PM_  were
crustal elements (Ca, Na, K, Fe, Mg, As, and Co), and those with
the lowest levels in PM, were anthropogenic tracers of traffic
emissions (Cd, V, Cu, Mn, Ni, Pb, and Zn) [9]. The heavy metals in
PM. , were related to out of hospital cardiac arrest cases which was
one of the most causes of death in developed countries [10]. Long
term exposure to PM,  was associated to lung cancer development
risks modified antiviral factors production of peripheral blood
mononuclear cells, and increased viral replication of SARS-CoV-2
[11,12]. Exposure to PM_  increased blood triglycerides even at
low levels [13]. Anti-inflammatory compound biochanin A could
alleviate PM_ -induced acute pulmonary cell injury in vitro [14].

PM, .

PM,  is a major contributor to air pollution and causes various
impacts on human organs. PM,  also has complicated components
including secondary ions (NH,", NO_", SO,*), organic carbon
(OC), elemental carbon (EC), crustal elements (Si, Ca, Al) and
trace metals (Fe, Pb, Zn and Cu) and demonstrate, which have
significant differences between urban and rural areas [15].

According to exist findings, in respiratory systems, exposure
to ambient PM, . decreased cell viability and elevated cell
apoptosis of human bronchial epithelial cells and alveolar type
Il cells through NLRP3/caspase-1 and NOS2 pathways, inhibited
alveolar type Il to alveolar type | cell transition, interfered
with lung epithelial cell division, induced inflammation and
oxidative stress in human nasal epithelial cell, increased mucus
production in chronic sinusitis, activated macrophages to
mediate angiogenesis in lung cancer participating in lung cancer
progression [16-22]. Osteopontin expression was increased in
lung tissue, bronchoalveolar lavage fluid, and serum in PM,_,
exposure condition and was a candidate for biomarker of PM,
exposure [23]. Inimmune systems, PM, . mediated macrophage
autophagy by activating PI3K/AKT/mTOR signaling [24]. PM,
induced macrophage release proinflammatory mediators by
activation of the LPS/MyD88 pathway, but macrophages were
more sensitive to LPS present in PM,, [25]. In circulatory
system, PM, . caused cell death by increasing iron overload, lipid
peroxidation, and REDOX imbalance in vascular endothelial cells
[26]. Autophagy and apoptosis of endothelial cells were mediated
through the endoplasmic reticulum stress system [27]. PM,
induced proliferation of vascular smooth muscle cells, which was
associated to pulmonary vascular lesions [23].

Digestive system: PM, _ interfered with amino acid metabolism,
TCA cycle, urea cycle, and purine metabolism in the liver [28].
Nervous system: Exposed to PM, . caused neurotoxicity including
neurodevelopmental and neurodegenerative disorders, such as
Alzheimer’s disease risk, Parkinson's disease, autism spectrum
disorders (ASD) and other forms of dementia. While Astaxanthin
attenuated these PM,, induced neurotoxicity in microglial
cells [29-33]. Endocrine system: PM, _ exposure activated the
hypothalamic-pituitary-adrenal and sympathetic-adrenal-
medullary axes [34]. Prenatal exposure to PM, , could also lead
to behavioral deficits which exacerbated autism symptoms [32].
Exposure to PM, . was also associated with and weight gain and
can be inherited into the third generation [35,36].

Ultrafine Particles (UFPs)

Ultrafine particles usually refer to particles with an aerodynamic
diameter of less than 100 nm, which have significant cell and
organ toxicity due to their large specific surface area, high
permeability, and ability to produce reactive oxygen species [37].
In European Union, transportation, residential and commercial,
industrial combustion, and agriculture composed the total
UFPs emissions [38]. Inhaled UFPs could deposit throughout
the respiratory tract. The peak deposition occurred at about
4 nm in the tracheobronchial region, whereas it occurred at
about 20 nm in the pulmonary region [39]. Exposure to UFPs
was associated to high risks to ASD [40]. A reduction in UFPs in
exhaled breath condensate may be a marker of exacerbations of
chronic obstructive pulmonary disease [41]. In western diet, more
than 10'? UFPs are ingested daily by a single person [42]. Ingested
UFPs passed through the gastrointestinal tract and increased
intestinal inflammatory cells, decreased cholesterol metabolism
in cecum [43].

Particles Classification According to the Source
Particles from Natural Source

Particles from natural source including volcanoes, dust storms,
forest fires, living vegetation, minerals deposition and sea spray.
Potentially toxic metals elements associated with nanoparticles
(Ni, Zn, Ag, Cd, Tl, As, Pb, Bi, Te, Hg) may be contained in volcanic
ash [45]. Ash from volcanoes hazarded to people over the world
due to abundance of inhaled cristobalite, a crystalline silica
polymorph and fine sulphate particles (< 0.3 um). Volcanic ash
induced the activation of NLRP3 inflammasome in human and
murine macrophages, and elicited pro-inflammatory response in
TT1 cells [46,47]. Long-term exposure to active degassing volcanic
areas had an adverse impact on cardiorespiratory health in adults
[48]. Dust storm particles reduced cell viability of human lung
epithelial cells, and had a long-term impact on tracheitis hospital
admissions [49,50]. The levels of pro-inflammatory cytokines (IL-
1B, TNF-q, IL-6), profibrotic factors in serum fibrinogen and blood
pressure were higher in dust storms than in normal conditions
[51,52].
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Particles from Anthropogenic Source
Traffic Related Air Pollution

Air pollution caused by vehicle exhaust has gradually become
a worldwide respiratory health hazard. Diesel exhaust particles
(DEPs) induced a novel and critical SiglecF* neutrophils in lung,
which exacerbates airway inflammation [53]. DEPs modulated
the immune response by affecting the interaction between lung
epithelial cells and macrophages, which leading to changes in
macrophage polarity [54]. DEPs exposure led to endothelial
cell apoptosis by induction of endothelial cell autophagy, which
contributed to cardiovascular disease, and manifested symptoms
of anxiety and depression by inducing oxidative stress in the brain
[55,56]. Traffic related air pollution was also associated with
the increased morbidity of Parkinson's Disease [57]. Magnetite
(Fe,0,) nanoparticles (MNPs) arose as combustion-derived Fe-rich
particles from vehicle braking systems which contributed to the
mainly of inhalable airborne magnetite particles [58].

Biomass Burning

Biomass burning emissions are one of the contributors of outdoor
air pollution, accounting for at least 10% of ambient particulate
matter [59]. Particles emission from biomass burning were
depended on the type of fuel and heating conditions, particles
smaller than 0.43 um were major contributors of PAHs [60].
Biomass burning increased the risk or hospital admission of
respiratory and cardiovascular disease including asthma, upper
respiratory infections, COPD, bronchitis, pneumonia, ischemic
heart disease [61-63].

Cooking

The size of particles from cooking emission covers the range of
ultrafine (14.6-100 nm), accumulation mode (100-661.2 nm)
and PM, .. In total amount, particles were mainly composed of
ultrafine size range while in the kitchen and living room, which
were mostly composed of accumulation mode [64]. Oxidatively
damaged DNA and the levels of lipids and lipoproteins in blood
were increased after exposure to cooking emissions [65].

Industrial Emissions

Black carbon (BC), a carbon-containing mixture produced from
incomplete combustion of biomass or fossil fuels, with diameter
ranging from 20 to 150 nm, is a major component of PM, .. It
adsorbs other pollutants in the atmosphere to form pollutant
complexes, including heavy metals and organics, causing greater
toxicity. Its remarkable cytotoxicity includes causing oxidative
damage, cellular inflammation, DNA damage cell death, and
causing lung damage in vivo [66]. Petroleum coke (PC), a black
carbonaceous material, is a byproduct of the oil sands refining
process. The open stacking of PC and uncontrolled release of
dust have raised health concerns for residents in surrounding
communities. 99% of PC was less than 7.2 um. PC exposure
inhibited the secretion of proteins involved in extracellular
matrix organization and epithelial differentiation, and increased
fibrosis-related marker collagen Il [67]. Material 3D printing has
been widely used in industry. High levels of crustal metals (e.g.,

Na, Mg, Al and Si) were detected from the collected particles,
among these, Si had the highest concentrations and largest
emission yielded for all of the studied filaments. Although the
concentrations of heavy metals such as, Cd, Co, Cr, Mn, Cu, Pb,
and Zn were relatively low, they also had adverse health effects
and could be detected [68].

Occupational

Most people are exposed to portable electronic devices every
day in their daily life. Lithium-ion batteries are routinely used in
these devices, and workers producing lithium-ion batteries are
exposed to a large number of LiCoO, particles. LiCoO, particles
are one of the most commonly used cathode materials for
lithium-ion batteries. LiCoO, particles in lithium batteries can
cause genotoxicity by affecting the ability of lung cells to form
hydroxyl radicals, leading to primary mutations [69]. Co and Ni
elements in LiCoO, particles can stabilize HIF-1a, which caused
lung inflammation, to induce lung inflammation. It can also be
used as a biomarker to predict lung inflammation [70].

Titanium dioxide (TiO,) is widely used in products such as paints,
coatings, plastics, paper, ink, pharmaceuticals, food, cosmetics
and toothpaste. The concentrations of titanium compounds in
drinking water are generally low. A regular diet can provide 300
to 400 pg TiO, per day [71]. The TiO, content in candies and
chewing gum was highest in the range of less than 100 nm [72].
TiO, nanoparticles with a primary diameter of 21 nm could form
polymers with two particle sizes of 110 nm and 1500 to 2000 nm
in PBS solution and serum [73]. It affected glucose absorption [74].
An oral dose of 50 mg TiO, nanoparticles per kilogram caused
marked hepatocyte steatosis and changes in hepatic metabolites,
with quantitative disorganization of the gut microbiota [75]. The
current limit for occupational TiO, particle exposure is 5 mg/m?3,
while the non-occupational environmental exposure limit is 50
ug/m3. Titanium dioxide nanoparticles are excreted primarily in
the urine [76].

Respiratory diseases such as bronchitis, pulmonary fibrosis, and
"hot metal smoke" is a common occupational disease of welders
[77]. Welding smoke and dust with the aerodynamic diameter of
250 nm, under the concentration of 20 mg/m? inhaled, causing
lung inflammation and reduced sperm production [78]. Among
those metals collected from the welding processes, Iron (Fe) had
the highest concentration across all range sizes [79]. Increased
nasal mucosal lining fluid c-reactive protein is a potential markers
for workers' occupational exposure [80].

Silver nanoparticles (Ag-NPs) are considered as potential materials
for biomedical applications such as biosensing, antiviral, and
anti-cancer. However, the presence of Ag-NPs in toothbrushes,
textiles, food packaging, and medical products has raised concerns
about health risks. The distribution of Ag-NPs in vivo is related to
their particle size and dose [81]. Ag-NPs with the size of 20 nm,
caused oxidative stress in hepatocytes by targeting and inhibiting
glutathione S-transferase (GST) molecules at 10 ug/ml, but had no
significant effect on the expression of GST [82]. Gold nanoparticles
(Au-NPs) were divided into nanometer and micrometer sizes, with
particle sizes of 40 £ 1 nm and 637 + 9 nm, respectively. Inhalation
caused cerebral edema through the ERK-AQP1 pathway [83].
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The average size of nanoparticles of alumina (ANPs) was 160
nm, the human mesenchymal stem cells could be induced to
mitochondria mediated cell death [84]. Nano-sized alumina
particles are more likely to produce brain neurotoxicity through
mitochondrial oxidative damage than microsized alumina particles
[85]. Iron oxide nanoparticles (IONPs) are gradually being used
in different biomedical fields due to their magnetic properties,
including magnetic hyperthermia, targeted drug delivery, and
magnetic resonance imaging contrast agents. A dose of 10 mg/
kg IONPs produced hepatotoxicity with elevated blood urea
nitrogen and direct bilirubin in BALB/c mice [86]. In non-cytotoxic
concentration of iron oxide nanoparticles induced endothelial
cell endothelial-to-mesenchymal transition [87]. Occupational
exposure to nano-sized copper oxide nanoparticles (CuO NPs)
could induce cell and organ damage in workers in copper mining
and smelting industries. The average particle size of CuO NPs was
28.2 nm. The copper content in the atmosphere ranged from
5 to 20 ng/m?3, and the average concentration in natural water
was 4 to 10 pg/L, most of which was bound to organic matter
[88]. When copper intake exceeded tolerable limits, toxic effects
that led to cell death, such as oxidative stress and apoptosis.
Methylnicotinamide (MNA) could be used as a marker of apoptosis
after exposure to CuO NPs [89]. Zinc oxide nanoparticles (ZnO
NPs) are currently used in sunscreens, cosmetics, ceramics, paints,
food packaging, solar cells and electronics. The particle size of
Zn0O NPs ranges from 50 to 70 nm. ZnO NPs in acidic solution
would rapidly dissolve and release Zn** to damage lysosomes, and
the lysosomal contents would be released into the cytoplasm to
damage organelles [90]. ZnO NPs produced genotoxicity through
the generation of ROS with DNA damage and decreased sperm
number and activity [91]. After tongue instillation, ZnO NPs
were transferred to the central nervous system and mediated
neurotoxicity through the activation of Ca?* -dependent NF-kB,
ERK and p38 [92]. Nuclear factor-erythroid 2-related factor (Nrf2)
alleviated ZnO NPs causing inflammation of the lungs [93].

Multi-walled carbon nanotubes (MWCNT) have been widely
used in electronics, sports equipment, protective clothing,
aerospace, optical fiber and molecular diagnosis, and other fields,
which leading to its potential occupational exposure. Among
them, Mitsui-7 MWCNT was defined as a 2B carcinogen by the
International Agency for Research on Cancer. The average length
of MWCNT is 3.86 um and its average width is 49+13.4 nm. It
is estimated that human alveolar epithelial absorbs 226 ug per
square meter per month, causing lung inflammation, pulmonary
fibrosis, and penetrate the pleura [94]. The genotoxicity and
carcinogenicity of MWCNT include the induction of mitotic
aberrations, centromeric disruption, chromosome translocation
and chromosome insertion [95]. Porter, D.W. pointed out that
after engulfed by macrophages, the MWCNT was discharged by
lung lymphatic drainage [94]. The cytotoxicity and organotoxicity
of Single-walled carbon nanotubes (SWCNT) were associated
with its size. It should be divided into two categories according
to the length, 0.40£0.29um and 2.77+3.22 um, respectively.
Inhalation through bronchial instillation resulted in pulmonary
toxicity including lung tissue weight increase and bronchial lavage
fluid inflammation, while the shorter carbon nanotubes were
more toxic [96]. SWCNT induced autophagy and apoptosis of
lung epithelial cells, and activated macrophage P2X7R-mediated

signaling promoting exocytosis of SWCNT-containing lysosomes
[97,98]. In addition, the SWCNT caused breast tumor shrinkage,
and hopefully as a drug carrier targeted therapy [99].

Potassium octatitanate fibers (K,0¢8TiO,, POT) were used as a
substitute for asbestos. The average length and width of POT
fibers were 6.06 +1.53 um and 305 + 69 nm, respectively. Intra-
tracheal intra-pulmonary spraying had a carcinogenic effect
to lungs and pleura [100]. Printer-emitted particles in printing
houses, with particle sizes ranging from 2.5 to 210 nm, impaired
cardiac conduction and hemodynamics [101]. Graphene oxide
(GO) was used for cell imaging and drug delivery due to its
unique properties. The particle size ranged from 90 nm to 5
mm. Exposure of RAW264.7 macrophages to GO increased the
expression of lipoprotein lipase (LPL) and lysozyme 1 (LYZ1), and
induced autophagy through the ROS-NRF2-P62 pathway [102].
However, Mukherjee, Kostarelos and Fadeel pointed out that
although the GO particles were readily internalized by the primary
human macrophages, they had noncytotoxic for primary human
macrophages regardless of its lateral size [103].

Amorphous silica nanoparticles (SiO, NPs) were widely used in
coating, adhesive, composite materials, cosmetics, food additives,
drug delivery and diagnosis, etc. The researchers calculated the
silicon dioxide intake of 124 mg per day according to the food
containing SiO, NPs [104]. SiO, NPs at concentrations of 100
mg/kg and above increased blood glucose concentration and
intracellular ROS levels, activated NF-kB and MAPK signaling
pathways, and exhibited insulin resistance [105]. Pulmonary
thrombosis, heart wall fibrosis, cerebral infarction and retinal
damage were observed in BALB/c mice exposed to SiO, NPs with
the size of 500 nm [106]. Blood biochemical indicators such as
albumin, alkaline phosphatase and aspartate aminotransferase
activities were significantly increased in mice treated with 10-15
nm SiO, NPs [107].

Crystalline silica (CS) promoted lung cancer progression and
pulmonary aseptic inflammation through LTB4/BLT1 axis [108].
Serum neopterin, malondialdehyde and erythrocyte glutathione
can be used as potential biomarkers of oxidative stress induced by
inhalation of crystalline silica particles [109]. Silicon carbide (SiC)
was a kind of hard brittle ceramic materials, used in refractory
material and casting industry, electronic industry and diesel
particulate filter, in addition to widely used as abrasive cutting
and grinding industry. The SiC NPs showed good biocompatibility
with human mesenchymal stem cells, neural stem cells derived
from human dental pulp and mouse olfactory ensheath cells
[110,111].

Plastic products are widely used in all aspects of daily life. There
are two main sources of plastic particles:

(1) Manufactured goods containing plastic particles or powders,
such as cosmetics, detergents, sunscreens and drug carriers.

(2) Decomposition of larger plastic sheets by ultraviolet radiation,
mechanical wear, and biodegradation in the environment [112].
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The massive discharge of microplastics products into the ocean had
seriously polluted the marine environment. Microplastic particles
could interact with mercury in water, causing neurotoxicity
through inhibiting acetylcholinesterase (AChE) and increasing
lipid oxidation (LPO) in brain and muscle, and interfered with
lipid metabolism [113,114].

Perfluoro Alkyl Substances (PFASs), including persistent ionic
perfluorocarboxylates and perfluorosulfonates, refered to a
group of fluorinated carbon chain chemicals, known as the "super
collection" of more than 90 related chemicals. Its size was less
than 0.1 um and was the ingredients of UFPs. These substances
were used in consumer products and industrial applications due
to their water, grease, and contamination resistance properties.
They can combine with blood protein and accumulation in the
liver and gallbladder [115].

Particles for Medical Use

CoCr28Mo6 particles and alumina matrix composite (AMC)
particles with a mean particle size of 500 nm were generated
from the particle wear debris of the artificial implant prosthesis. It
decreased the viability of fibroblasts and promoted the expression
of pro-osteolytic marker MMP-1 in fibroblasts [116]. The blood
compatibility and effects of hydroxyapatite on endothelial cells
depends on the particle morphology [117]. Among them, the
acicular particles have higher endothelial cell toxicity than
rod-shaped particles. Beta tricalcium phosphate (B-TCP) were
widely used in clinical coating material for bone substitutes
and prosthesis. B-TCP played an immunomodulatory role in
significantly reducing the antigen absorption of dendritic cells.

Conclusion

In conclusion, human diseases caused by particulate matter had
become a global problem that should not be ignored. Particles
hazarded to human body, not only inducing interfering cell
metabolism, including the induced cell oxidative damage and
even cell death, but also causing, toxicity of tissues and organs
including neural toxicity, genetic toxicity, toxicity of the respiratory
system, cardiovascular system, digestive system and so on. The
timely detection of particulate matter after exposure becomes a
direction for the treatment or prevention of damage caused by
particulate matter. In recent years, with the research of particulate
matter toxicity, more and more tissue damage biomarkers have
been found as the first gate to detect particulate matter exposure.
We wish that these summarizations could provoke people realize
the hazard produced by the particles and further help researchers
for further study the prevention and treatment of particle related
diseases.
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