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Introduction

PM10 is the mass concentration of the aerosol of par-
ticles suspended in the air with sizes below 10 micron. It
comprises all particles with sizes down to few nanometers,
and contains either primary emitted particles and those
formed in the atmosphere due to photochemical transfor-
mation of precursor gaseous compounds. PM10 is unde-
sirable in the context of aerosol/climate science and for its
dangerous effects on human health.

Human activities produce particles which are emitted
directly in the atmosphere; among all, combustion
processes are the major sources of such particles, particu-
larly those which sizes fall below 2.5 μm (PM2.5 or fine
fraction). The fine fraction of PM is of particular concern
because it is known to have significant negative health im-
pacts (1,2).

Great attention is today given also to the ultrafine frac-
tion of PM (UFPs), i.e., the particles with an aerodynamic
diameter below 100 nm (or PM0.1), because they are be-
lieved to have even stronger effects on human health than
PM2.5 (3). Among UFPs, the fraction of particles with
sizes below 10 nm, here named sub-10 nm particles, is of
particular relevance. These particles are emitted in huge
number concentrations but they have mostly insignificant
mass if compared to the largest size particles. Moreover,
they are very difficult to be measured and very sophisti-
cated diagnostic methods, not of common use, are needed
for their characterization.

The fact that these nano-sized particles are not easily
measured at the exhausts and in the atmosphere does not
mean that they can be overlooked, particularly for those
persons who live in environments in which nanoparticles
are present in huge number concentrations. Sub-10 nm
have up to orders of magnitude higher surface area to mass
ratios compared to larger particles, have surfaces covered
with adsorbed volatile and semi-volatile organic species or
even are constituted by such semi-volatile species when
the sizes is in the 2-5 nm range. In this context it is im-
portant to note that particle surface area is in general
thought to scale best with the surface reactivity, bioac-
tivity and toxicity of particles (4,5).

Due to elevated numerical concentration and large sur-
face area, the health effect of sub-10 nm particles can go
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beyond what expected from their low mass concentration
in the atmosphere.

The presence of nanoparticles in the environment is
mainly attributed to outdoor sources, such as heavy traffic
conditions, industrial emissions, incineration plants, and
many other human activities. Sub-10 nm particles, to a
lesser extent, may also form indoor. Among indoor
sources, domestic heating boilers, cook-stoves, scented
candles, domestic fireplaces, cigarette smoking, electrical
appliances, and biogenic substances are the dominant
sources. Today, do due to the COVID-19 pandemic,
people are staying home for longer periods of times, often
cooking and setting close to the fireplace, thus being ex-
posed to a poor indoor air quality (6). Consequently they
may get diseases, in particular respiratory and skin dis-
eases (7), due to indoor produced nanoparticles more than
to outdoor pollutants.

The assessment of the health effects of sub-10 nm par-
ticles is challenging and has been poorly documented. The
fundamental objective of this study is to summarize recent
literature studies on sub-10 nm particles produces indoor
and outdoor and to compare the in vitro cytotoxicity when
cells exposed to different doses of nanoparticles formed
by domestic cooktop burner, gas-fueled heating boilers,
bluish flames and internal combustion engines. Our aim is
to find a dose-effect correlation based on particle size/sur-
face more than on particle mass. Such a correlation cold
be useful to assess the health effects of people exposed to
very low mass doses of nanoparticles either indoor during
domestic activities or outdoor at crossroad of heavy pol-
luted cities.

Literature data review

In this paragraph, we summarize recent literature
studies on sub-10 nm particles produces indoor and out-
door with particular emphasis to those studies that ana-
lyzed the health effects of the formed nanoparticles be-
sides particle concentrations, morphology and chemical
characteristics.

There is evidence that the smallest nanoparticles
readily cross the blood-brain barrier in mammals (8)
causing an inflammatory response and impacting develop-
ment (9). In vitro toxicological studies have shown that
once in the organs, sub-10 nm particles are taken up by
cells causing toxicity and mutagenicity (3,10,11). Various
studies have also found a significant amount of oxygen on
the nanoparticles surfaces (12-14) which is correlated to
their hydrophilic character (11,15). This hydrophilic char-
acter leads to partial water solubility, which is cause for
concern in human health.

Nano-sized particles (sub-10 nm) are emitted by com-
bustion systems, including vehicles, industrial burners
and indoor combustion sources like cookstoves/heaters,
which are a significant source of airborne nanoparticles
(16-20,21). Particularly concerning is that many devices
operating with a blue flame, such as natural gas domestic
burners or cookstoves, are producing these nanoparticles
(3,20). The emission of these nanoparticles can be ex-

plained by the decreasing physical interactions between
nanoparticles below 5 nm leading to low coagulation ef-
ficiencies at flame temperatures (22). Preliminary work
shows that after treatment systems are only able to re-
move 40-50% of particles below 10 nm (23) which are
thus emitted in the atmosphere in huge number concen-
tration.

Nanoparticles are also detected indoor. They are con-
stituted by a mix of ambient particles that have infiltrated
indoors, particles emitted indoors, and particles formed in-
doors through reactions of gas-phase precursors origi-
nating from both indoor and outdoor sources (24). Short-
term studies including residential indoor ultrafine particle
measurements have been carried out by several investiga-
tors (25-27). This studies were carried out during cooking
events and provided mean peak volume concentrations of
particles between 10 and 500 nm. Wallace (28) monitored
UFPs and accumulation mode (0.1-1 μm) particles in an
occupied suburban house at 5-minute intervals for 37 con-
secutive months. Number concentrations for 126 particle
sizes from 9.8-947 nm were measured. Of the many in-
door activities, some were chosen for detailed analysis.
These included cooking with a gas stove, toasting with
electric toasters and toaster ovens, burning candles and in-
cense, and using a gas-powered clothes dryer. The average
duration of elevated particle concentrations ranged from
20 minutes to 3 hours. Combustion of natural gas (boiling
water, gas clothes dryer) showed number peaks near 10
nm, while the electric toaster and toaster oven had peaks
close to 30 nm. More complex cooking (burners plus gas
oven) produced peaks in the 35-50 nm range. Burning
candles and incense resulted in peaks in the 60-nm range.
Finally, outdoor sources peaked at nearly 70 nm, indi-
cating the influence of aging in shifting size modes to
higher diameters.

A study conducted in nine Boston-area homes showed
that indoor particle events tend to be brief, intermittent,
and highly variable. In addition to dramatic source events,
data demonstrate that the impacts of indoor activities are
especially pronounced in the UFP and coarse (PM10-2.5)
modes. Furthermore, chemical analysis suggested that or-
ganic carbon is a major constituent of particles emitted
during indoor source events (29).

In a recent study (30), the effects of outdoor particles
and occupant activities on indoor particle concentrations
were evaluated for apartment houses in South Korea.
Measurement was performed in winter when the outdoor
particle concentration is relatively high. The results
showed that the inflow of outdoor particles is not signifi-
cant because the recently built apartment houses have ex-
cellent airtightness, and the ventilation frequency is not
high in winter. Cooking, in particular frying, has the
greatest impact on indoor small particle concentrations,
that rapidly dispersed to the living room.

Minutolo et al. (20) performed an experimental study
of the emissions of new burners used for home appli-
ances with the aim of evaluating the effect of burner con-
figurations and operating excess air on the emissions of
gaseous pollutants and organic carbon. Pollutant emis-
sions from these burners were compared with those of
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typical stove-top burners. Measurements showed that
particulate matter with size in the 1-10 nm size range is
formed in all the examined conditions. The emitted mass
concentration of these particles was very low, but they
were emitted in huge number concentrations. In the
stove-top burner, a larger amount of organic aerosol was
emitted. In both indoor combustion systems, soot parti-
cles were not formed, showing that also bluish flames,
those not forming soot or black carbon, may produce
huge amounts of sub-10nm particle. The biological reac-
tivity of such combustion-formed sub-10nm particles
was tested in vitro (10) and compared with sub-10nm
particles collected from Diesel vehicle exhausts. A sig-
nificant cytotoxic response was measured above a crit-
ical dose in mouse embryo fibroblasts NIH3T3 cells
along with possible evidence of cellular uptake by op-
tical and confocal microscopy.

Toxicological assays (31,32) showed that nanoparti-
cles collected from bluish flames and vehicle exhausts ef-
fectively interacted in vitro with both prokaryotic and eu-
karyotic cells. Subsequent studies on the flame formed
nanoparticles analyzed their possible effect on epithelial
(HaCaT) and endothelian cells (EC) cells growth and pro-
duction of proinflammatory lipid mediators. Results indi-
cated a dose and time-dependent reduction in cell via-
bility. Cells treated with nanoparticles showed a cell pro-
liferation index significantly lower than that of control
cells and an increased apoptotic cell death. The annexin
assay confirmed the increased apoptotic cell death. More-
over, nanoparticles also induced a time-dependent in-
crease of proinflammatory lysophospholipid production.

Pedata et al. (33) analyzed also the inflammatory po-
tential of sub-10nm particles from gas cooking appliances
on immortalized human keratinocyte cell line (HaCaT
cells). Particles collection was performed on a mid-range
cooktop burner fed with network natural gas which con-
tains methane and ethane, lower percentages of higher
alkanes and about 20ppm of sulfur. Tests were performed
at the exhaust of a free flame and by putting a pot on the
burner in order to simulate operating conditions closer to
the domestic ones. Nanoparticles in the size range be-
tween 2.5 and 20 nm were removed from the combustion
exhausts and isolated from low molecular weight gas-
phase organic product. The chemical and morphological
characterization of the collected material showed that
carbon nanoparticles were collected together with some
nitrate and sulfate particles formed during exhaust
cooling, these latter also having a nanometric size. Cell vi-
ability was evaluated by crystal violet and showed a neg-
ligible reduction in cell number, except for a little positive
effect in increasing cell number at the lowest particle con-
centrations.

Pedata and co-workers (34) also demonstrated that
nanoparticles produced by biodiesel and diesel oils in-
duced a significant increase of mortality in cells lines. The
cell number of HaCaT cells and A549 cells (human alve-
olar epithelial-like cells) treated with different concentra-
tions for 24 and 48 h decreased in a concentration-depen-
dent manner, with some differences in the two cell lines
and depending on the origin of the nanoparticles. A clear

evidence was found that the particle from biodiesel oil in-
duced less cytotoxicity compared to diesel ones, on both
cell models used. Although the results are limited to an in
vitro study, they clearly shown that the dermal way of ex-
posure is more sensitive than the inhalant way, as a
demonstration that it is important to promote the culture of
prevention also for the dermal way in particularly in ex-
posed workers.

Results and Discussion

The combustion conditions examined over the years
by our research group produced essentially UFPs with a
bimodal number size distribution. The size distribution
presents a nucleation mode particles with sizes smaller
than 10 nm - mostly constituted by organic carbon and
eventually nitrates, and sulphates if the fuel contains sul-
phur -, and a larger accumulation mode mainly peaked at
20-50 nm - composed of more graphitic soot particles with
an elemental carbon structure. Only when the number of
nucleated particles increases for effect of the increased
local flame richness, aggregation of the soot particles and
incorporation of nucleation mode particles and semi-
volatile condensates on their surfaces lead to the forma-
tion of chain-like aggregates with sizes between 100 nm
and 1 μm, combustion conditions not analysed in this
paper.

The relative abundance of sub-10 nm mode particles
and soot particles depends on the operating conditions
used and on the fuel. Slightly fuel-rich conditions pro-
motes the formation of macromolecules which aggregates
in forms of stacks of few aromatic molecules held together
by van der Waals interactions, thus forming sub-10 nm
particles. Increasing flame richness favours coagulation of
the nucleated particles and the formation of more graphitic
soot particles with sizes around 20-40nm.

Over the years, we collected combustion-generated
particles from laboratory flames, cookstove exhausts, do-
mestic heating boilers and diesel engines by using a
water-based sampling method which is able to condense
combustion water out of the exhaust flow. A stainless
steel suction probe draws out combustion products, which
are then bubbled through a condenser containing bi-dis-
tilled laboratory grade water cooled in an ice bath. All
volatile components of the sampled species produced in
flame and collected in water were removed by rotary
evaporation before sample characterization and toxico-
logical testing. Evaporation was performed by reducing
the pressure slowly at ambient temperature to avoid
boiling until a steady state was observed; then, the sample
was submersed in a water-bath held at 40 °C and evapo-
ration continued at 50 mbar until water evaporation was
observed, typically 20-30 min.

Cell viability was determined by MTT assay, Crystal
Violet staining and Trypan Blue staining after 24 h and 48
h of treatment with nanoparticles and confirmed by quan-
tification of apoptosis, measured by flow cytometry. De-
tails of the experimental procedures are reported in pre-
vious publications (31-34).
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Figure 1 reports the percentage of apoptotic cells as a
function of the exposed dose of nanoparticles. Data have
been divided, when possible, by separating sub-10 nm
particles from the larger soot particles. In the cases the
total amount of particles have been collected together and
not separated before, the cytotoxicity is reported for the
total UFPs. Data are relative to particles sampled in two
zones of laboratory premixed flames: the bluish zone (nu-
cleation region - Lab Flame Bluish zone), where essen-
tially sub-10 nm are formed, and the yellow zone, where
larger soot particles are produced (Lab Flame Yellow
zone), and at the exhausts of Diesel engines operating with
different fuels and loads.

Data clearly show a dose-dependent effect on cell via-
bility which is stronger for sub-10 nm particles than for
soot particles (dose data are reported on logarithmic
scale). The effect of soot particle is even negligible if
purely elemental, 20-50 nm carbon particle are consid-
ered. UFPs show an intermediate behaviour suggesting
that for these particles it is the nanometric fraction having
the stronger effect.

Based on the available size distribution of the parti-
cles, we have calculated the specific surface area of the
particles considering them as spheres and using a unit
mass density for the sub-10 nm particles and a density of
1.8 g/cm3 for the larger soot particles. Figure 2 reports the

percentage of apoptotic cells as a
function of the exposed specific
surface area. Clearly, sub-10 nm
particles contribute massively to
the total specific surface area of
the particles; their presence in the
sample dominating the effects on
cells. For this reason, data ob-
tained at the exhaust of Diesel en-
gines well correlate with data ob-
tained for sub-10 nm particles in
bluish flame suggesting that also
for outdoor pollution great atten-
tion has to be devoted to such
class of particles.

These data clearly show a
stronger effect of the surface area
on cell viability than the mass of
the particle. The results are in
agreement with suggestion of
Oberdörster et al. (4) that show
how particle surface area is a
more appropriate dose metric
than particle mass or particle
number when evaluating dose-re-
sponse relationships of nanopar-
ticle-induced inflammation. In-
deed, the number of surface mol-
ecules exposed to cells increases
as the inverse of the diameter of
the particles, therefore small
nanoparticles, those comprising
sub-10 nm particles, have most of
their molecules on the surface and
are those molecules that have in-
teraction with cells causing a re-
duction of their viability.

It is important to remind that
in vitro studies are limited to the
analysis of the interactions of
nanoparticles with cells and do
not include their capacity to
translocate into and in between
cells, reaching target organs. In
vivo-studies are necessary to defi-
nitely asses the cytotoxicity of
such small nanoparticles.

Figure 2. Percentage of apoptotic cells as a function of exposed nanoparticle surface.
Data from (31-34)

Figure 1. Percentage of apoptotic cells as a function of exposed nanoparticle doses.
Data from (31-34)
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Anyhow, the results clearly demonstrate that also low
doses of sub-10 nm particles might induce apoptosis for a
large number of cells and thus our attention has to turn to
this class of combustion-generated nanoparticles. Today
sub-10 nm particles effects have been overlooked; these
particles might be the future major constituents of air pol-
lution, not only outdoor but also indoor where these parti-
cles may survive for long time before being removed from
the environment.

Conclusion

Sub-10 nm nanoparticles are formed by new technolo-
gies combustion systems and even indoor and are largely
emitted into the atmosphere. The fundamental properties
of these particles - low coagulation efficiency, hydrophilic
character - and their capacity to be easily transported in
vulnerable regions of the human body need our attention. 

Although our results clearly demonstrate that also low
doses of sub-10 nm particles might induce apoptosis for a
large number of cells, sub-10 nm particles effects on
health are actually overlooked. Sub-10 nm particles might
be the future major health issue, particularly for indoor oc-
cupants because these particles may survive for long time
before being removed from the ambient air. Therefore,
there is an urgent need to establish indoor exposure limits
capturing the complex properties of combustion nanopar-
ticles and determine the health and biological effects in
addition to PM2.5.
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