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Abstract

The positive association between outdoor atmospheric particulate matter and the morbidity and
mortality of Coronavirus Disease 2019 (COVID-19) infections was concluded by recent studies.
Since people spend most of their time indoor, aerosol particles generated by indoor activities have
inherently closer links to human occupants and more direct implications on the airborne transmission
of COVID-19. In light of this risk, we reviewed the characteristics of aerosol particles emitted from
common indoor sources and how exposure to those particles affects human respiratory infections as
well as the transport of airborne pathogens. Activities such as tobacco smoking, cooking, vacuum
cleaning, laser printing, and burning candles, mosquito coils or incenses generate large quantities of
aerosol particles, typically below 0.1 um. These ultrafine particles — each may have unique
properties and aerodynamics depending on the source and environmental conditions upon their
release — could stay airborne for long periods and deposit in deeper regions of human airways while
being difficult to clear by the human respiratory system. Adverse effects can be induced by inhaled
aerosol particles via oxidative stress and inflammation. Early epidemiology evidence and animal
studies showed the confounding effects of particle exposure in respiratory infections. Specifically,
inhaled particles can impair human respiratory systems and immune functions and induce the
upregulation of angiotensin-converting enzyme 2, causing vulnerability to COVID-19 infection.
Moreover, co-production of inflammation mediators by COVID-19 infection and particle exposure
magnifies the cytokine storm and aggravates symptoms in patients. We also discuss the possibility of
indoor aerosol particles being virus carriers in the airborne transmission of COVID-19. Although
many hypotheses were proposed in recent discussions, no rigorous evidence was provided to

elucidate interactions between aerosol articles and virus-laden droplets or droplet nuclei, and studies
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are needed on how these interactions affect the persistence, transport, and lung deposition of

COVID-19 and other airborne pathogens.
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1. Introduction

The coronavirus disease (COVID-19) is poised to become the largest pandemic on record since
the 1918 flu pandemic. As of 17 December 2020, a total of 72.6 million cases of infections including
over 1.6 million deaths have been confirmed in 220 countries/areas/territories due to the pandemic
(WHO 2020a). Despite some earlier debate (Lewis 2020; Morawska and Milton 2020; WHO 2020b),
airborne transmission has been recently recognized as an effective route of transmission of
COVID-19. In a scientific brief issued on July 9, 2020, the World Health Organization (WHO)
acknowledged that short-range airborne transmission of COVID-19 may exist in indoor settings with
poor ventilation (WHO 2020b). On October 5, 2020, the U.S. Centers for Disease Control and
Prevention (CDC) changed their stance and for the first time, acknowledged airborne transmission
via small droplets and particles as an important route of virus spread in the current pandemic (CDC

2020).

According to an earlier definition by the WHO, airborne transmission is defined as the spread of
droplet nuclei — the residue of dried respiratory aerosols (< 5 pum in diameter) that results from
evaporation of droplets coughed or sneezed into the atmosphere or by aerosolization of infective
material (WHO 2014). More recently, van Doremalen et al. (2020) tested the stability of
SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2), the causation agent of the
COVID-19 pandemic, on aerosols at 21-23 °C and 65% relative humidity. The study found that
SARS-CoV-2 remained viable after 3 h and the infectious titer reduced from 1033 to 10>7 TCIDso
(median tissue culture infectious dose) per liter of air. Under similar environmental conditions (i.e.,

23 £2 °C and 53% =+ 11% relative humidity), Fears et al. (2020) further showed that SARS-CoV-2



viruses on respirable-size aerosols maintained their infectivity and virion integrity after 16 h.

The prolonged survival of SARS-CoV-2 on aerosol particles raised questions on whether
atmospheric particles, including fine particulates in outdoor environments and indoor particle
emissions could facilitate the dispersion, transport, and the persistence of the novel coronavirus (He
and Han 2020; Mahabee-Gittens et al. 2020; Tang et al. 2020). In the latest public guidance, the CDC
pointed out that COVID-19 can be spread by airborne transmission in enclosed spaces that have
inadequate ventilation, where infectious small droplets and particles can remain suspended for
minutes to hours in air and travel far from the sources (CDC 2020). Several recent studies have
found strong positive correlations between atmospheric particulate levels and the local infection of
COVID-19 as well as symptom aggravation in patients (Figure. 1). For instance, Yao et al. (2020)
analyzed the relationship between particulate matter (PM) concentration and COVID-19 case fatality
rates in 49 Chinese cities using Global Moran’s I and multivariate linear regression. The results
showed that fatality rates increased by 0.24% with every 10 pg m increase in the PM»;s level (i.e.,
particulate matter in air that are 2.5 um or less in diameter). Similar conclusions were drawn by Wu
et al. (2020), who conducted a nationwide cross-sectional study in the United States and reported that
an increase of 1.0 pg m= in PMa s correlated with an 8% increase in COVID-19 fatality rates. In an
investigation in Milan metropolitan area, researchers investigated the potential association between
the degree of accelerated diffusion, PM pollution, and mortality of COVID-19. The study found that
the local daily new cases were positively related with the PM, and proposed that outdoor atmospheric
particulates may be possible routes of SARS-CoV-2 diffusion (Zoran et al. 2020). As the first
evidence showing SARS-CoV-2 harboring on airborne particles, Setti et al. (2020b) found clusters of

SARS-CoV-2 RNAs on atmospheric particulate matter in Bergamo, northern Italy, a region burdened
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with high atmospheric PM levels.

While considerable efforts have been expended on studying the potential implications of
airborne particulates in outdoor atmosphere on COVID-19 transmission and symptom aggravation,
indoor aerosols — fine particulate matter that is emitted by a common range of sources and human
activities — represent an under-investigated route for harboring and transporting airborne pathogens,
including SARS-CoV-2. As a known cause of human respiratory diseases, these fine particulates can
present a confounding factor in airborne transmission of COVID-19. An earlier estimate by
Morawska et al. (2013) found that about 30% of human respiratory diseases caused by atmospheric
particulates were associated with those generated from indoor sources. A multitude of indoor sources
and human activities are known to generate fine particles, or aerosols, in indoor environments, and
many of them have unique characteristics in physiochemical properties and aerodynamics in air.
Given the fact that most people spend almost 90% of our time in indoor environments (Klepeis et al.
2001), the role of indoor aerosols in COVID-19 transmission should be scrutinized for effective
infection prevention and control, especially in enclosed public settings with high user occupancy or
foot traffic which may be high-risk settings for airborne transmission to effectuate. In this article, we
aim to present a focused review on the sources and characteristics of common indoor aerosols and
based on this information and the recent findings on COVID-19, we discussed their potential
implications on COVID-19 transmission. Specifically, evidence and discussions are presented
revolving the following topics: 1) common sources and characteristics of indoor aerosols, from
anthropogenic sources and activities; ii) human respiratory and immune systems impaired by particle
inhalation; 1iii) association between exposure of indoor aerosol particles and the morbidity or

mortality of COVID-19; and iv) whether common indoor aerosol particles can act as carriers of
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SARS-CoV-2.

2. Sources and characteristics of indoor aerosols

Understanding the roles and influence of indoor aerosols presents an urgent task in the ongoing
scrutiny on the airborne transmission of SARS-CoV-2 in indoor environments, especially in enclosed
public spaces where several large clustered outbreaks have been reported (Lewis 2020). To this end,
a basic understanding of the sources and characteristics of indoor aerosols, in the context of airborne
pathogens, is necessary. In recent discussions, several researchers postulated that particles generated
by tobacco smoking and incense burning could facilitate the indoor transmission of SARS-CoV-2
(Amoatey et al. 2020; Mahabee-Gittens et al. 2020). In reality, there are many sources — mostly from
human activities — that can generate or resuspend abundant quantities of aerosol particles in indoor
air. These include activities involving combustion such as smoking, cooking, candles burning,
incense burning, and mosquito coils burning, as well as non-burning sources such as vacuuming,

laser printing (Table 1).

2.1 Tobacco smoking

With about 1 billion smokers around the world, tobacco smoking is one of the most common
sources of indoor aerosol emissions. Secondhand smoke poses a major risk factor for indoor
occupants, including children, pregnant women, and other non-smokers (Havey et al. 2009; Zhou et
al. 2015). Without adequate natural ventilation, smoking can significantly elevate indoor aerosol

concentrations in rooms and buildings. Connolly et al. (2009) evaluated indoor air quality in 128



Irish pubs in 15 countries, and found that the average concentration of PM s in smoking-permitted
pubs was 329 ug m~3, while that in the smoking-free pubs was equals to 23 pg m=. A similar study
was conducted by Hyland et al. (2008), where the authors measured PM; s levels in 1,822 different
workplaces including bars, restaurants, retail outlets, airports in 32 countries. The mean PM> s levels
in smoking-permitted places were found to be 8.9 times higher than those measured at smoking-free
venues. Semple et al. (2015) assessed fine particles levels in 110 Scottish homes. The median PM s
concentrations in households with smoking occupants were 31 pg m™> which was approximately ten
times greater than those in homes without smokers, suggesting that members of smoking homes were
exposed to high concentrations of PMas, especially in those lacking ventilation. Characteristics of
aerosols from tobacco smoking have been studied under laboratory settings. By testing five brands of
cigarettes, Wu et al. (2012) reported that the mean emission rate of ultrafine particles (UFPs) from
smouldering cigarettes was 3.36 = 0.24 x 10!! particles min~!, which was consistent with the source
strength (3.76 x 10'! particles min') estimated by Afshari et al. (2005). The particle count median
diameters of smoking particles were determined to be 102—113 nm. Similar results have also been
reported on electronic cigarettes, also known as ‘e-cigarettes’. For instance, Fuoco et al. (2014)
reported high particle number concentrations (4.39 £ 0.42 x 10° particles cm™) in aerosol streams of
electronic cigarettes, which were higher than the levels measured on traditional cigarettes under the
same conditions. The number distribution mode of electronic cigarettes was in the 120—165 nm range.
Volesky et al. (2018) measured the concentration of PMzs and ultrafine particles by testing three
different e-cigarettes containing the same nicotine solution in a ~38 m? office. The authors found that
the mean PM; 5 concentration was elevated by 160- and 103-fold at 0.5 m and 1 m from the smoker,

while the concentration of ultrafine particles increased by 5.2- and 3.0-fold, respectively. The



maximum PM,s (174,160 ug m~3) and ultrafine particle concentration (284,260 particles cm™3) were

observed at 0.5 m from the e-cigarette smoker.

2.2 Cooking

In many indoor environments, cooking is recognized as a dominant source of indoor aerosols in
terms of both particle count and mass (Vu and Harrison 2019). Wan et al. (2011) measured the PM> s
levels during and after cooking activities in 12 naturally ventilated, smoking-free homes in Hong
Kong. The average PM, s concentration increased to 160 pg m™ in the kitchen and airborne particle
generated from cooking dispersed quickly and resulted in a PM, s concentration of 60 ug m™ in the
living room. Meanwhile, particle number concentrations reached 103 particles cm™ both in the
kitchen and the living room, with their size distributions mainly in the sub-100 nm range. Kang et al.
(2019) reported that rangehood systems cannot effectively reduce fine particle emissions during
cooking activities, while combining rangehood use and natural ventilation reduced cooking particle
concentrations, with the average particle decay rate constant increased to 9.1 h™! from 2.9 h™! when
using the rangehood system alone. Depending on the fuel, cooking oil, food, and cooking method,
the characteristics of particles emitted from cooking varied significantly. See and Balasubramanian
(2006) investigated particle emissions from five different cooking methods including steaming,
boiling, deep-frying, pan-frying, and stir-frying in a domestic kitchen. The study showed that in
general cooking with oils generated much more particles than cooking with water. The highest
particle number concentration was observed during deep-frying (6.0 x 10° particles cm™), with a
mean particle size of 20 nm. With respect to boiling and steaming, less particles were liberated from

the cooking process, although particle number concentrations still exceeded 5.0 x 10* particles cm™.



Torkmahalleh et al. (2012) determined the emission fluxes (i.e., rates per unit area) of seven
commercial cooking oils, namely, peanut, coconut, soybean, sunflower, corn, olive, and canola oils.
The result showed that cooking with olive oil had the highest PM,s emission flux (5.7 x 10° pg
min~!*m~?) and the peanut oil had the highest total particle number emission flux (3.8 x 10'* particles

min'-m?).

2.3 Vacuum cleaning

Vacuum cleaners are commonly used in indoor environments to remove dusts and small debris
from floors and surfaces. When operating, vacuum cleaners can also become significant sources of
airborne particles for their ability to release large amounts of small particles into the indoor air. In a
study conducted by Knibbs et al. (2012), authors determined the maximum emission rate of 1.1 X
10" particles min™' for ultrafine particles by measuring the emissions from 21 vacuum cleaners,
while the minimum emission rate still exceeded 10° particles min~'. Regarding larger particles (i.e.,
sizes in the range of 0.5-20 um), their emission rates were measured between 4.0 x 10* to 1.2 x 10°
particles min~!. The overall PM, s emission rates ranged from 2.4 x 107! to 5.4 x 10° ug min!. Vu et
al. (2017) reported a peak particle number concentration of 9.4 x 10* particles cm™ in a naturally
ventilated apartment during vacuum cleaning, where a unimodal number size distribution was
observed with 98% of particles falling in the ultrafine range with a peak at 19.8 nm. On the particle
mass concentration, the peak PMio, PMas and PMio levels were measured to be 1.5, 22.7 and
75.4 pg m>, respectively. In a recent study, Vicente et al. (2020) investigated the emission rates from
four common types of vacuum cleaners, namely, the washable filter bagless, wet, bagged, and HEPA

(high-efficiency particulate air) filter equipped robot. Base on their results, the highest PMio
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emission rates were observed with the operation of the bagged vacuum cleaner (207 £ 99.0 ug min™"),
while similar emission rates were obtained from the wet and washable filter bagless vacuum cleaners
(86.1 £16.9 pg min! and 75.4 + 7.9 ug min'). The number emission rates of particles in the size
range of 8-322 nm varied from 5.3 x 10'' (washable filter bag less vacuum) to 2.1 x 10! (wet
vacuum) particles min~!. Notably, operating the HEPA filter equipped vacuum cleaner did not
increase the particle mass (PMio) or number concentration when compared with the background

levels.

2.4 Laser printing

With smoking becoming a prohibited activity in most office buildings, printer emission can be a
main source of indoor aerosols in office environments. He et al. (2007) reported an average particle
number concentration of 6.5 & 8.2 x 10 particle cm ™ during the normal working periods in a 120-m?
open-plan office, which was much higher than the equivalent concentration at non-working time (1.2
+ 0.9 x 10° particles cm™). Tang et al. (2012) assessed the indoor particulate matter level generated
by laser printers in 63 German offices. To simulate worst case but realistic conditions commonly
encountered in normal office rooms, the authors printed 500 pages in each office with ventilation
system operating if available and found substantial releases of ultrafine particles (< 100 nm) during
the printing phase. The median particle number concentrations were elevated from 6.5 x 103 particles
cm> (standby phase) to 1.8 x 10* particles cm™ (printing phase). The median particle mass
concentrations (PMo23-20) were 57 pg m> and 68 pug m> in the standby and printing phase,
respectively. In the aforementioned study, He et al. (2007) investigated the particle characteristics

generated by three laser printers in an experimental chamber. Conclusion was drawn that particle
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emission rates varied greatly with toner coverage and cartridge age, which ranged from 4.0 x 107 to
1.6 x 10! particles min~'. Large numbers of ultrafine particles were emitted by all three types of
printers, and the mean particle count median diameter was 76 + 11 nm, 46 £ 9 nm, and 40 £ 4 nm,
respectively. Koivisto et al. (2010) compared the particle emissions of two monochromes laser
printers and a color laser printer in a flow-through chamber. The emission rates were measured to be
4.1 x 10° and 3.9 x 10° particles s™! for the monochrome printers and 7.0 x 10® particles s™! for the
color printer. Also, the geometric mean diameter of emission particles was larger for the color laser

printer (79 nm) compared with the two monochrome laser printers (32 and 40 nm).

2.5 Candle burning

An overlooked source in recent studies and discussions (Kumar et al. 2013; Li et al. 2017b;
Manigrasso et al. 2018), candle burning can be a substantial source of indoor particle emissions
(Rogula-Kopiec et al. 2019). In the modern society, candles are no longer used primarily for lighting,
but for esthetic and religious purposes such as meditation, memorials, and ceremonies, usually in
indoor settings. Studies have shown that large quantities of fine particles are emitted during candle
burning, mostly in the micron to submicron range. Afshari et al. (2005) characterized 13 different
indoor particle sources in a 32-m? chamber with a constant air exchange rate of 1.7 £ 0.1 h™! with
outside air. The study found that burning pure wax candles generated the highest concentration of
ultrafine particles (2.4 x 103 particles cm™) than smoking, frying meat, cooking with an electric
stove, and all other sources of particle emission. Pagels et al. (2009) tested two representative tapered
candles in a 21.6-m? stainless steel chamber with an air exchange rate 0.5 h™!. The authors found that

the geometrical mean diameter of the generated particles peaked at 20-30 nm during the steady-burn
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period, and at 270 + 30 nm during the sooting-burn period. In a recent study, Wallace et al. (2019)
measured the indoor ultrafine particles (2.3—64 nm) originated from burning candles in a residence.
During the steady-burn stage, the mean emission rates of ultrafine particles were up to 7.2 x 102
particles min~! while the total particles number emission rate reached 10'3 particles min~! in the room.
Particle emissions from candles varied greatly with different products. Derudi et al. (2014) reported
that the total PMx emission was measured to be 7.0, 106, 272 pg g ! for three Italian container
candles constituted by different paraffin waxes. The authors further determined the air quality for the
considered exposure scenario of a 30-m? room with an air exchange rate of 0.5 h™!. With two candles
of the same type burning simultaneously, the steady-state PM> s concentration was estimated to be

2.17,26.4, and 97.8 ug m™? in the well-mixed room environment, respectively.

2.6 Mosquito coil burning

Mosquito coils are widely used in Africa, Asia, and South America as an insect repellant in
summer (Zhang et al. 2010). To achieve the desired effects, mosquito coils are often used in enclosed
spaces and burned slowly through the night. Their typical patterns of use mean that users may be
continuously exposed to high concentrations of indoor particulate matter for several hours in
non-ventilated indoor environments. Liu et al. (2003) investigated several types of commonly used
mosquito coils in China and Malaysia. The burning periods of those products ranged from 7 hto 11 h,
and PM> s emission rates varied considerably for different mosquito coils between 51 =7 mg h™! and
117 = 14 mg h™!. The size distribution of mosquito coil combustion particles generally fell in the
sub-micron range, mostly below 0.3 um. Salvi et al. (2016) tested three types of mosquito coils in

India in a room (5.7 m x 3 m x 2.4 m) with the doors and windows closed, and found that all of the
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three products emitted massive amounts of particles with a mean PM s concentration of 1,031 pg
m3. Wang et al. (2018) characterized the emissions from disc solid, electric liquid, and electric mat
types of mosquito-repellent incenses in a large 60-m* chamber under a ventilation rate of 3.0 m?
min~!. The highest PM> s emission rate was found on the disc solid type, which was 10-fold greater
than the electric liquid type and five-fold higher than the electric mat type. Notably, Zhang et al.
(2010) assessed the particle emissions from a ‘smokeless’ mosquito coil and compared them with
four conventional mosquito coils. The results showed that the smokeless mosquito coil had lower
emission rates in terms of both the mass of PMys (12.6 + 0.4 mg h™') and the total number of
particles (14.4 + 3.0 x 10° particles h™"). With respect to conventional mosquito coils, the PMz s and
total particle number emission rates were in the range of 62.8 = 1.8 to 127 =2 mg h™! and (43.4 £ 4.1)
x 10° to (69.0 + 7.3) x 10° particles h™!, respectively. The study also found that nearly all particles

originated from burning mosquito coils were smaller than 0.35 pm.

2.7 Incense burning

From the far East to the West, incenses are commonly used in temples, churches, and in devotees’
residence (See et al. 2007; Yang et al. 2013). In the Arabian Peninsula, they are also used for
improving scents or removing odors in homes (Cohen et al. 2013). As a visible source of particle
emissions, burning incenses indoor often leads to substantial increases of particle concentrations in
air (Hsueh et al. 2011). Weber (2006) reported that the PMio and PM; o levels underwent a 6.9- and
9.1-time increase during incense burning in a German catholic church. Goel et al. (2017) reported
high PMjo mass concentrations in an Indian temple with measurements up to 2,184 pg m=3, where

99% of the released particles were PM, 5. Manoukian et al. (2013) reported that burning 0.5 g incense
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in 30 min could increase the number of ambient particles by 15 times from the background level in a
32.3-m? rectangular-shaped chamber with an air exchange rate of 0.8 h™!. The particle concentration
in air increased from 0.6 £ 0.3 x 10* particles cm™ to 9.1 £ 0.2 x 10* particles cm 3, with an emission
rate of 3.1 £ 0.3 x 10'? particles h™! during this period and a unimodal size distribution centering at
125 £ 13 nm. Wang et al. (2006) characterized the particles released from incense burning in an
18-m? stainless steel chamber with an air exchange rate of 0.5 h™!. The results showed that burning
church incense generated the highest PMa s concentrations (up to 6,025 ug m>), while burning the
traditional and aromatic incenses generated an average PM s concentration of 1,391 and 502 pg m3,
respectively. See et al. (2007) tested four different religious incense sticks used in eastern countries
by Hindus, Buddhists, Taoists, and Shinto followers. The authors identified large numbers of fine
particles emitted during incense burning with a magnitude of 10'>-10'3 particles g' and a particle

size distribution peaked around 100 nm.

3. Implications of indoor aerosols on COVID-19

3.1 Human respiratory and immune systems impaired by particle inhalation

An early national survey in the United States showed that in general, people spent nearly 90% of
their time in various indoor environments (Klepeis et al. 2001). The trend was reinforced in recent
surveys that people increasingly adopted sedentary lifestyles by spending more time indoor (Gong et
al. 2019; Yang et al. 2019). Since there are many common indoor sources that can emit substantial
quantities of fine particles, which can remain suspended and accumulate in air, the wide adoption of

sedentary lifestyles in the general population increases their likelihood of exposure to indoor aerosols,
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especially in enclosed spaces with inadequate ventilation.

The WHO estimated that as many as seven million people die each year due to exposure to fine
particulate matter and associated diseases such as asthma, stroke, cardiovascular diseases, lung
cancer, chronic obstructive pulmonary diseases, and respiratory infections, including pneumonia
(WHO 2018). The mechanisms of airborne particle-induced adverse health effects are believed to
mainly involve oxidative stress and inflammation. Oxidative stress mediated by airborne particles
can be due to direct generation of reactive oxygen species (ROS) from the surface of particles
containing metals, polycyclic aromatic hydrocarbons (PAHs), and so on. Meanwhile, mitochondria,
cell membranes, phagosomes, and the endoplasmic reticulum also produce ROS after exposure to
particulate matter. Studies showed that ROS could impair the structure and function of
bio-macromolecules, including lipids, proteins, and DNAs (Feng et al. 2016; Moller et al. 2010).
Excessive ROS may activate signaling pathways and further lead to cell apoptosis or necrosis (Azad
et al. 2009). With respect to inflammation, the alveolar macrophages and airway/bronchial epithelial
cells are the primary venues to process inhaled airborne particles, and both types of cells produce
proinflammatory mediators upon exposure to particulate matter (Fujii et al. 2001; Miyata and van
Eeden 2011). Moreover, alveolar macrophages and epithelial cells could interact, resulting in a
synergistic increase in the production and secretion of proinflammatory mediators including
GM-CSF and IL-6 (Fujii et al. 2002). The two cytokines can magnify local inflammatory responses
or even lead to a systemic inflammatory response. Further, exposure to atmospheric particulates can
also result in pathology changes in lung and respiratory tract, such as increased cell permeability,
inflammatory cell infiltration, bronchial mucosal injury, and alveolar collapse (Liu et al. 2017a; Riva

et al. 2011; Wang et al. 2015).
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Exposure to respirable particles also impairs the host defense of the human respiratory system,
which can lead to increased susceptibility to pathogen infections (Figure. 1). First, inhaled particles
can impair the nasal and bronchial mucociliary system and result in low bacterial clearance, which
often serves as the first line of host defense (Duan et al. 2013; Jia et al. 2019). Also, the tight junction
of airway epithelial barrier can be impaired by oxidative stress, yielding increased permeability
which allows invading pathogens to more easily pass through (Liu et al. 2019). Secondly, particle
exposure can induce apoptosis and autophagy of lung epithelial cells and alveolar macrophages, and
both play important roles in processing inhaled particles (Deng et al. 2013; Deng et al. 2014; Huang
et al. 2004). In addition, studies showed that the dysfunctions of cytoskeletal in alveolar
macrophages, impaired response of natural killer cells, and disrupted physical and immunological
functions of pulmonary surfactants caused by particle exposure all hampered phagocytic defense
reaction (Chen et al. 2016; Moeller et al. 2005). Last but not least, particle exposure changes the
normal bacterial flora in the respiratory tract, which is an important part of the natural immune
defense and prevents the invasion of pathogens or foreign substances through a variety of

mechanisms (Yang et al. 2020).

3.2 Increased COVID-19 morbidity and mortality due to exposure to indoor aerosol particles

Epidemiological studies on outpatient visits, respiratory emergency department visits and
hospital admissions manifested a positive association between particle exposure and human
respiratory infections (Li et al. 2017a; Strosnider et al. 2019; Xia et al. 2017). Similar conclusions
were drawn from related animal models that exposure to particulate matter increased susceptibility to

pulmonary infections (Liu et al. 2019; Zhao et al. 2014). It is worth noting that although positive
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correlations have been observed between outdoor atmospheric particulate matter and COVID-19
morbidity, knowledge on indoor aerosol particles and their implications on the susceptibility of
COVID-19 infection and symptom aggravation in patients is limited in current literature. Depending
on their sources of emission, indoor aerosol particles may have unique characteristics in terms of
their chemical composition, size distribution, electrostatic charges, and aerodynamics, which not
only affect their transport in air but their deposition and effects in human airways. Moreover, most
indoor emission sources are in close proximity to human occupants in a confined environment,
meaning that fresh and active particles may be inhaled by human shortly after their release, as

opposed to the homogenous mixture of aged particles present in the open outdoor atmosphere.

As discussed earlier, particle emissions from common indoor sources may contain significant
quantities of fine particulates, most of which fall in the sub-100 nm range (i.e., ultrafine particles)
(Table 1). Compared with larger atmospheric particles, such as the PMjo and PM;s, ultrafine
particles not only can persist in air for longer periods (Figure. 2) but deposit in the deeper regions of
the human airways (Figure. 3). Specifically, ultrafine particles with sizes around 20 nm showed the
highest deposition rate in the alveolar region (up to 50%), which is consistent with the sizes of most
particles released during candle burning (Pagels et al. 2009). Chen et al. (2016) predicted the
fractional depositions of inhaled particles in the human respiratory tract during nose breathing
(Figure. 3). Based on the results, most ultrafine particles generated from common indoor emission
sources have the highest deposition efficiency in the deeper alveolar region rather than the
tracheobronchial and nasopharyngeal regions. In a more recent study, Manigrasso et al. (2018)
estimated that the total particle number dose emitted from common indoor sources were deposited in

the head (15%—-17%), tracheobronchial (30%—-32%) and alveolar (51%—-56%) regions, with peak
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number doses reaching up to 10'? particles after a single respiratory act. The study suggested that
large quantities of ultrafine particles can directly induce toxicity effects in the lung and even across

the alveolar epithelium into the blood vessel.

It is difficult for the human respiratory system to clear ultrafine particles inhaled into deeper
regions. Even after 24 h of inhalation, most ultrafine particles could remain deposited in the lung
periphery and conducting airways (Moller et al. 2008). Compared with larger particles, these
ultrafine particles usually have orders of magnitude higher surface areas absorbing air pollutants
(oxidants, organic compounds, metals), which can induce more oxidative stress and inflammation
and further impair the host defense system, causing higher morbidity and mortality in respiratory
infections. With respect to COVID-19, exposure to airborne particles could elevate the expression of
angiotensin-converting enzyme 2 (ACE2), the receptor of SARS-CoV-2 and responsible for its host
cell entry (Hoffmann et al. 2020; Lin et al. 2018). Recent studies demonstrated that exposure to
cigarette smoke particles upregulated the expression of ACE2 and increased the susceptibility of the

host to COVID-19 infection (Brake et al. 2020; Smith et al. 2020).

Indoor aerosol exposure can also aggravate the symptoms of infection in COVID-19 patients.
Mishra et al. (2020) reported that exposure to particulate matter could promote the replication of
RNA viruses by suppressing the antiviral innate immune response. Zhou et al. (2020) conducted a
comprehensive analysis of 30 immunological indicators in the blood of COVID-19 patients (n = 33)
and elucidated the key mechanism of severe pneumonia cytokine storm caused by SARS-CoV-2. The
study showed that after SARS-CoV-2 infection, CD4" T lymphocytes were quickly activated to

become pathogenic T helper (Th) 1 cells and produced GM-CSF. The cytokine environment induced
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CD14°CD16" inflammatory monocytes with a high expression of IL-6 and other inflammatory
mediators, forming an inflammatory cytokine storm and causing severe immune damage to the lungs
and other organs or even quick mortality. These echoed with findings in an earlier study where
researchers found that exposure to particles increased the production of inflammatory cytokines
including GM-CSF and IL-6 (Fujii et al. 2002). These findings provided mechanistic insights into the
positive correlation between particle exposure and symptom aggravation of respiratory pathogen
infection, which may explain the consistent trend of high fatality rates observed in COVID-19
patients in regions with air pollution (Paital and Agrawal 2020; Roviello and Roviello 2020; Wu et al.

2020; Yao et al. 2020).

3.3 Can indoor aerosol particles become effective airborne carriers of SARS-CoV-2?

Evidence on viruses, bacteria, and fungi recovered from atmospheric particles suggested that
those could act as airborne carriers of human pathogens (Gast et al. 2004; Ryan et al. 2009; Yan et al.
2019; Zucker et al. 2000). Alonso et al. (2014) reported that porcine epidemic diarrhea virus (i.e., a
Coronaviridae family member) harbored by airborne particles remained infectious after being
transported over long distances, where genetic materials of the virus were detected in the downwind
of infected swine farms at a distance of ten miles. Zhao et al. (2019) also reported that avian
influenza viruses from infected poultry farms could spread across different states while being carried
by fine particulate matter in air. Recently, researchers have postulated that atmospheric particulate
matter may play an important role in SARS-CoV-2 transmission. In an early viewpoint, Qu et al.
(2020) hypothesized that SARS-CoV-2 can adsorb onto air dusts and particulates and facilitate its

long-distance transmission. Similar opinion was proposed by Prather et al. (2020) that viruses can
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attach to airborne dusts or other air pollutants which can facilitate their dissemination via increased
dispersion and modified aerodynamic characteristics. Setti et al. (2020a) further proposed that
SARS-CoV-2 may create clusters with atmospheric particles and subsequently enhance the
dispersion and accumulation of the virus in air. Direct evidence on the presence of SARS-CoV-2 on
airborne particles was reported by Setti et al. (2020b). The authors first detected the genetic materials
of SARS-CoV-2 in atmospheric particulates in northern Italy, a region burdened with elevated levels
of particulate matter in air and high mortality rates of COVID-19. Based on these findings, the
authors suggested that SARS-CoV-2 could form clusters with PMjo present in the outdoor

atmosphere.

Bioaerosols containing respiratory pathogens can be generated from the exhaling, talking,
coughing, and sneezing of infected individuals, posing risks to co-occupants in enclosed indoor
environments (Morawska and Milton 2020). Xu et al. (2017) reported a 107% increase of bioaerosol
concentration in a 27-m? enclosed experimental room after a 30-min presence of five adults without
wearing face coverings. The average emission rate was determined to be 8.4 x 103 particles person™!
h™! in the ‘no-mask’ scenario. When medical masks or N95 respirators were worn by the five
occupants, bioaerosol increases were reduced to 31%—81% under the same conditions. Buonanno et
al. (2020) estimated the quantum emission rates of SARS-CoV-2 infected subjects, where a ‘quantum’
was defined as the dose of airborne droplet nuclei required to cause infection in 63% of susceptible
individuals. The study estimated that the expiratory viral load of a virus-infected person when
speaking and breathing were 320 and 10.5 quanta h™!, respectively. Droplets and droplet nuclei
generated from human respiratory activities may also associate with airborne particles, including

aerosol particles commonly found in indoor air. Some researchers recently postulated that aerosol
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particles originated from some indoor sources could become carriers for SARS-CoV-2.
Mahabee-Gittens et al. (2020) underscored the possibility of SARS-CoV-2 virions (average diameter
100 nm) attaching to smoking particles with diameters of 0.2-0.5 um emitted from e-cigarettes and
combustible tobaccos, which may enhance the transmission of the novel coronavirus in smoking
environments. Amoatey et al. (2020) highlighted the risk that airborne particles emitted from indoor
incense burning may carry SARS-CoV-2 virus and promote the dissemination of COVID-19 in
Middle East homes. However, no experimental data or evidence was supplied in those discussions to
validate the hypotheses. Given the ubiquitous presence of indoor aerosol particles and the elevated
risks of transmitting respiratory pathogens in enclosed environments, an effective transmission route
mediated by those invisible agents — once we achieve a better understanding on their roles — would
require urgent assessment and public attention in the ongoing pandemic with worsening situations

and re-emergent outbreaks reported in countries and regions (Han et al. 2020; WHO 2020c).

Can indoor aerosol particles become effective carriers of SARS-CoV-2? There are a few
important things to consider before we can answer this question. First, particles emitted from
common indoor emission sources typically fell in the sub-micron range, where a large part of them
are ultrafine (< 100 nm) particles (Table 1). It is important to note that these particles are of
comparable size or even smaller than the virion of the novel coronavirus (60-140 nm). While they
may associate with other particles when suspended in air, it may be difficult for these tiny particles to
become carrying substrates of the viruses. Adding to this argument, SARS-CoV-2 viruses rarely enter
the air as single, isolated virions. Like other respiratory pathogens, they are contained in various
sizes of electrolyte-containing droplets when expelled from mouth and nose. Most of the small-sized

human respiratory droplets (e.g., < 10 um) would quickly evaporate into droplet nuclei, typically in
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less than 1.5 s, and the vast majority of droplets generated by human respiratory activities fall into
this particular size range (Wei and Li 2015). Xu et al. (2017) reported that bioaerosols released from
human breathing peaked at 1.5 um, which was consistent with the results reported by Morawska et al.
(2009). In the latter study, authors showed the bimodal distributions of droplets released from human
breathing, speech, and mild coughing, with two prominent peaks shown at 1.8 um and below 0.8 pm
(Morawska et al. 2009). Droplets generated from human sneezing are often much larger in size. Han
et al. (2013) found that the size distribution of sneeze droplets resembled a lognormal profile with a
geometric mean size of 360 pm (unimodal distribution) and 74.4 pm (bimodal distribution). The
components of human respiratory droplets are complicated. Apart from water and microorganisms,
they contain electrolytes, sugars, enzymes, cells and remnants (Stadnytskyi et al. 2020). With the
exception of large droplets which would quickly settle on the floor while evaporating (e.g., large
sneezing droplets), most human respiratory droplets evaporate quickly to equilibrium sizes — which
would depend on the humidity of the ambient air, initial droplet sizes and contents of droplets — or
become droplet nuclei and stay airborne. It was estimated that the sizes of those droplet nuclei were
typically about half of those of the original droplets (Liu et al. 2017b; Nicas et al. 2005). Meanwhile,
limited studies pointed out that particles released from some indoor emission sources would undergo
a coagulation process, reaching larger particle sizes although they still remained in the sub-micron
range (Table 1). In those cases, the virus-laden droplet nuclei would still be significantly larger than

those coagulated aerosol particles.

Given the fact that both the virus-laden droplet nuclei and indoor aerosol particles can suspend
and accumulate in air for long periods of time (Figure. 2), they may form ‘clusters’ or ‘aggregates’

and subsequently alter the aerodynamic characteristics of their parent particles, causing either longer
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suspension or faster settlement via inertial impaction, electrostatic attraction, or repulsion. Such
coalescence clusters may protect the virus inside from radiation or toxic chemicals (Zuo et al. 2013).
Setti et al. (2020a) pointed out that coalescence of droplet nuclei and aerosol particles is more likely
to occur in environments with high relative humidity. In a set of experiments assessing bioaerosol
emissions from human exhaled breath, Xu et al. (2017) consistently observed abnormal reductions in
total particulate matter number concentrations during the increases of bioaerosol particles in air.
Although no interpretation was offered in the study, a plausible explanation for this phenomenon is
that bioaerosols generated from human activities formed aggregates with indoor particulate matter
and reduced the total number of particulates suspended in air. It is unclear whether those coalescent
particles settled on surfaces or objects, or remained suspended in air after getting better acrodynamic
characteristics. Further evidence was found in aerosol sampling in commercial airplanes, health
centers, and daycare centers during flu seasons, where large numbers of genome copies of influenza
A virus (similar to SARS-CoV-2 in size) were detected in their indoor air (Figure. 4). Of these, 64%
of viral genome copies were detected on airborne particles smaller than 2.5 pm, a size range allowing
long periods of particle buoyancy in air (Yang et al. 2011). Unfortunately, in this study authors did
not analyze the sources and characteristics of those virus-laden particles, and thus no conclusion
could be drawn on whether the detected viruses in air were from virus-laden droplet nuclei or
coalescent clusters formed by indoor aerosols, droplet nuclei, or both. In other words, while
virus-laden droplets and droplet nuclei can interact with indoor aerosol particles, whether these
interactions would facilitate the airborne transmission or the settlement of the virus and how they
would affect the viability of the virus in common indoor environments are largely unknown. In the

midst of a prolonging pandemic, these present some urgent questions for scientists and public health
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authorities on the airborne transmission of COVID-19 and other human respiratory pathogens.

4. Conclusion and outlook

Exposure to indoor aerosol particles constitutes a potential risk factor for the general population
in the current pandemic. Billions or even trillions of ultrafine particles (< 0.1 um) are emitted per
minute by a variety of indoor sources (e.g., smoking, cooking, vacuum cleaning, laser printing,
candle burning, mosquito coil burning, and incense burning) and remain buoyant in indoor air. The
peak dose of particle disposition can reach up to 10'° particles in the human respiratory system after
a single respiratory act in indoor environments with common sources of aerosol particle emissions.
Inhaled small aerosol particles can induce oxidative stress and inflammation, causing adverse
respiratory symptomology and increasing the likelihood of pulmonary infection. Importantly, particle
exposure can elevate the expression of ACE2, a transmembrane protein that serves as the main entry
point for SARS-CoV-2 to human cells. The symptoms of COVID-19 infections may be aggravated
by inhaling small aerosol particles, given that large quantities of inflammation cytokines are released
when human body processes these particles. Due to the typical sub-100 nm sizes of indoor aerosol
particles, it may be difficult for them to become airborne carriers of SAR-CoV-2 virion. This is also
due to the fact that viruses are expelled from human respiratory tracts as droplets which contain
electrolytes and cell remnants that would remain in droplet nuclei after evaporation. The coalescence
of indoor aerosol particles and virus-laden droplets or droplet nuclei is plausible and the formed
clusters or aggregates may protect the virions inside from radiation or toxic chemicals, although the

aerodynamic characteristics of these coalescent particulate matter remain unclear. Overall, there is a
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scarcity of information regarding the interactions between indoor aerosol particles and virus-laden
droplets or droplet nuclei, and more studies are needed to validate whether those commonly occurred
aerosol particles could facilitate the diffusion, transport, and persistence of SARS-CoV-2. Future
efforts at prevention and control must take into consideration the potential impact of indoor aerosol

particles on COVID-19 transmission and infection in enclosed indoor environments.
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Figure. 1 Schematic delineating the health risks of atmospheric particulate matter and the active

interplays with entangled pollutants and invading pathogens in the human respiratory system.
Reprinted with permission of Elsevier from Ma et al. (2020).
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Figure. 2 Deposition behaviors of airborne particles in various size ranges. Ultrafine particles (< 100
nm) are rapidly deposited by Brownian diffusion, especially those smaller than 20 nm. Large coarse
particles are deposited by sedimentation, impact by inertia, and interception. Particles between 30 nm
and 1.0 um tend to have longer atmospheric lifetimes because they are less likely to be deposited in
either way. These particles can also accumulate in air due to their long suspension time. Reprinted

with permission of Springer Nature from Kwon et al. (2020).
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Figure. 3 Predicted fractional depositions of inhaled particles in the human respiratory tract during
nose breathing, based on data from the International Commission on Radiological Protection (ICRP
1994). Reprinted with permission of Elsevier from Chen et al. (2016).
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Figure. 4 Particle size distributions in each positive sample containing airborne influenza A viruses
(sample date and location shown on top). Aerosol samples were collected over a 6—8 h period in each
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Reprinted with permission of Royal Society from Yang et al. (2011)
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Table 1. Common sources, emission rates, and in-air concentrations of indoor aerosol particles in simulated and real environments

Source Experimental condition Particulate matter (PM) mass Particle number concentration Particle size distribution Particle emission rate Reference
concentration
Five popular brands | 1.7-m? test chamber with air |n.a. n.a 104.1+3.4to 111.4 £ 2.3 nm (count |3.36 +0.34 x 10! particles min™ Wu et al. (2012)
of cigarettes exchange (2.34 £0.09 h'!) median diameter) (mean)
Three e-cigarettes and | Laboratory of industrial na 4.39 +0.42 x 10° (e-cigarettes, 120-165 nm n.a. Fuoco et al.
one conventional measurements, European average); 3.14 £ 0.61 x 10° particles (2014)
tobacco cigarette accredited cm (conventional tobacco cigarettes,
average)
Three different A ~38 m® office with 730 ug m3 (PMz s at 0.5 m, mean); | 11,235 particles cm™ (UFPs, at 0.5 m, |n.a. n.a Volesky et al.
e-cigarettes windows and doors closed 532 pg m3 (PMys at 1.0 m, mean) |mean); 15,496 particles cm™ (UFPs, at (2018)
0.1 m, mean)

Cooking 12 homes in Hong Kong ~160 pug m™3 (kitchen, average of  |6.3 x 10° particles cm™ (in kitchens, | Average particles number mean n.a. Wan et al. (2011)

(natural ventilation with maximum values); ~60 pg m=3 median value) diameters, 10 min into cooking: ~65

range hoods) (living room, average of maximum nm (kitchen) and ~75 nm (living

values) room)
Five different cooking | A ~45 m?kitchen with doors [n.a. 5.4 x 10*to 6.0 x 10° particles cm™ | > 80% in the nanometer range n.a. See and
methods and windows closed Balasubramanian
(2006)
Seven commercial A 0.8-m? laboratory hood n.a n.a Ranged from 25 nm (peanut oil) to 82 | PMa s emission fluxes: 3.9 x 10° to | Torkmahalleh et
cooking oils operating at 65 m> h™! nm (soybean oil) 5.7 x 10° ug min™! m2; al. (2012)
total particle number flux: 1.0 x 10
to 3.8 x 10'* particles min™! m2

21 vacuum cleaners | A custom-built 0.5-m n.a n.a Majority being approximately 30 nm |4.0 x 10°to 1.1 x 10'! particles Knibbs et al.

diameter flow tunnel or less min~' (UFPs); 4.0 x 10*to 1.2 x 10° [(2012)

particles min~! (0.54-20 pm)

Four vacuum cleaners

(washable filter bag

A living room (91.9 m*) in a

suburban Spanish house, all

37.5+4.951065.0 + 42.4 pg m™

(PMo, peak); no measurable

0.548 £ 0.014 x 10°t0 2.10 + 0.136 x

10° particles cm™ (peak) (excluding

Geometric mean diameter: 13.5-17.8

nm (excluding the HEPA filter

5.29+1.48 x 10" to 12.6 £ 4.54 x

10" particles min™!

Vicente et al.

(2020)
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less, wet, bagged and | windows and doors closed emission from the HEPA filter the HEPA filter equipped robot) equipped robot) (excluding the HEPA filter equipped

HEPA filter equipped equipped robot robot)

robot)

Vacuum cleaning A naturally ventilated 1.5,22.7 and 75.4 pg m >3 (PMyo, [9.4 x 10* particles cm™ (peak) >98.2% in the ultrafine size range n.a. Vuet al. (2017)

apartment

PM..s and PM, peak)

(<100 nm) A unimodal distribution
peaking at 19.8 nm; increased to 22.9

and 26.5 nm at 15 and 30 min after

the activity stopped.
Three office printers | A 1-m? experimental n.a. n.a Particle count median diameter: 4 %107 to 1.6 x 10" particles min™! |He et al. (2007)
chamber with an air flow rate printer A (76 + 11 nm), printers B (46 |(average)
of 2.3 L min™! + 9 nm) and printer C (40 + 4 nm)
59 laser printer and 4 |63 office rooms with 19.1-231 pg m™ (PMo.23-20) 6,503 particles cm™ (before, median, | Typically UFPs (< 100 nm) n.a. Tang et al. (2012)

photocopiers ventilation system operating UFPs) and 18,060 particles cm™
(if available) (during printing, median, UFPs)
Two monochromes | A 1-m?® flow-through n.a 5.3 x 10° to 2.0 x 10° particles cm™ Average geometric mean diameter: 32 (4.1 x 10°and 3.9 x 10° particles s™' |Koivisto et al.
laser printers and a chamber with an air flow rate (maximum) and 40 nm (monochrome printers) (monochrome) and 7.0 x 10% (2010)
color laser printer of 30 L min™! and 79 nm (color printer) particles s (color)
Two representative A 21.6-m? stainless steel n.a. Total particle number concentration Geometric mean diameters, under PM; s under steady burn: 2.4 + 0.1 | Pagels et al.
tapered candles chamber with air exchange (161000 nm): 1.14 x 10° particles steady burn: fresh generated in 20-30 |mg h™! (candle I), 0.87 = 0.14 mg (2009)
(0.5h™H cm (candle I) and 0.51 x 10° particles | nm, then increased to ~150 nm by h! (candle IT); PM> s under sooting
cm (candle II) during steady burn; coagulation; under sooting burn: 270 |burn: 8.9 + 0.4 mg h™! (candle I),
0.89 x 10° (candle I) and 0.27 x 10° +30nm 25.3+0.02 mg h™! (candle II)
particles cm™ (candle II) during
sooting burn
Three types of candles | A household room (25.8 m®) |n.a 1.3 x 10° particles cm™ (mean) Only measured particles in 2.3-64 nm | 7.2 x 10'? particles min™! (mean) Wallace et al.
with air exchange (0.043 h™") (2019)
Three Italian A test chamber PM: 5 concentration computed with |n.a Mostly below 0.25 um 6.97, 106, and 272 pg g (PMio) Derudi et al.
container candles determined emission rates for three (2014)
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considered exposure scenarios

(30-m?, 0.5 h! air exchange rate):

2.17,26.4,and 97.8 pg m3

Six common brands | A 0.15-m? chamber with air [162 £ 15 to 365+ 19 mg m™ n.a 0.2-0.3 um 51+7mgh'to 117+ 14 mgh™! Liu et al. (2003)
of mosquito coils exchange rate ~2 h™! (PM25) (PM2s)

Disc solid, electric A 60-m’ chamber with ~150 pug m™ (disc solid, PMz.5) n.a Count median diameters, measured at |~10 mg h™! (disc solid, PMz.s) Wang et al.
liquid, and electric ventilation (178.3 m*> h™!) 20, 40, and 60 min: 217, 302, 351 nm (2018)

mat types of (disc solid); 104, 106, 107 nm

mosquito-repellent (electric liquid); 325, 397, 407nm

incenses (electric mat)

One smokeless and A 0.15-m? test chamber with |n.a. n.a Nearly all particles were smaller than [12.6 £0.4 mgh™' to 127+2 mgh™!' |Zhang et al.
four conventional a flow rate of 5.6 L min™! 0.35 um (PM2s) or 14.4 £ 3.0 x 10° t0 69.0 = [(2010)
mosquito coils 7.3 x 10° particles h™! (total)

Four different A chamber (1.016 x 0.660 x [n.a. 1.11 x 10° to 1.42x10° particles cm™  [93.1-143.3 nm (peak diameter) 5.10 x 102 to 1.42 x 10'3 particles | See et al. (2007)
religious incense 1.600 m) (average) h'or3.66 x 1012t0 1.23 x 10'3

sticks particles g!

Incense sticks A 32.3-m? experimental na. 0.6 + 0.3 x 10* particles cm™ (before) |125 % 13 nm (unimodal) 3.1+0.3 x 10'? particles h™! Manoukian et al.

room with air exchange (0.8

)

and 9.1 £ 0.2 x 10* particles cm™ (after

combustion)

(2013)
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