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HIGHLIGHTS

e A comprehensive analysis of indoor
exposure to UFPs as part of domestic
activities was carried out.

e 69 studies from highly industrialised
countries were included leading to the
analysis of 346 exposure situations.

9 main groups of activities involving
>50 different emission processes were
identified.

e According to the meta-analysis, grilling
food and using a hair dryer lead to the
highest levels of exposure.

e These results contribute to a more ac-
curate assessment of domestic exposure
to UFPs.
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ABSTRACT

Ultrafine particles (< 100 nm) are of increasing concern because of their toxicological potential. Emission
processes suggest their presence in all environments, including at home, where particularly at-risk populations
may be exposed. However, knowledge of their impact on health is still limited, due to difficulties in properly
assessing exposure in epidemiological studies.

In this context, the objective of this study was to provide a complete summary of indoor exposure to ultrafine
particles in highly industrialised countries by examining the domestic activities that influence such exposure.

We conducted a systematic review, according to PRISMA guidelines using PubMed, Web of Science and Scopus
up to and including 2021. We carried out a qualitative and quantitative analysis of the selected studies with a
standardised template. Exposure circumstances, measurement methods, and results were analysed. Finally, a
meta-analysis of the measured concentrations was performed to study exposure levels during domestic activities.

The review included 69 studies resulting in the analysis of 346 exposure situations. Nine main groups of
activities were identified: cooking, which was the most studied, smoking, the use of air-fresheners, cleaning,
heating, personal care, printing, do-it-yourself activities, and others. Over 50 different processes were involved in
these activities. Based on available particle number concentrations, the highest average of mean concentrations
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was associated with grilling (14,400 x 10°% cm™3), and the lowest with wood stove (18 x 10° cm™3). The highest
average of peak concentrations was that for the use of hair dryers (695 x 10° cm’B), and the lowest for the use of

air cleaners (11 x 10° cm’3).

A hierarchy of domestic activities and related processes leading to ultrafine particle exposure is provided,
along with average exposure concentrations at home. However, more extensive measurement campaigns are
needed under real-life conditions to improve assessments of indoor exposure to ultrafine particles.

1. Introduction

Improving indoor air quality is a crucial public health issue and
became even more important during the Covid-19 pandemic, during
which repeated lockdowns inside the home were imposed (Zhang et al.,
2022). Apart from such specific situations, certain groups of people who
are particularly vulnerable, such as pregnant women, young children,
and the elderly, spend most of their time at home in industrialised
countries (Kelly and Fussell, 2019). The World Health Organization
(WHO) estimated that, in Europe, 117,000 deaths from among the main
non-communicable diseases (i.e., ischaemic heart disease, stroke, lung
cancer, and chronic obstructive pulmonary disease) were associated
with indoor air pollution in 2012 (WHO and Regional Office for Europe,
2019). Among air pollutants, nanoparticles (<100 nm) have raised
many questions over the last 20 years due to the increase in their pro-
duction and their use in a large number of sectors, e.g., agri-food, con-
struction, medical, and electronics (Barhoum et al., 2022). Some
nanoparticles are also emitted unintentionally from natural sources,
erosion, forest fires, and volcanic eruptions, and from anthropological
sources, through fossil fuel combustion and machining processes, for
example (Manigrasso et al., 2019). Given these different origins, the
term “engineered nanoparticles” (NPs) is commonly used for nano-
particles intentionally manufactured for commercial purposes, while the
term “ultrafine particles” (UFPs) is used for those unintentionally
emitted into outdoor and indoor air. Indoors, UFPs may be derived from
outdoor air and are directly emitted by domestic activities, such as
cooking or wood burning. Both UFPs and NPs share high surface reac-
tivity, one of the well-known determinants of nanoparticle toxicity,
causing high biological reactivity (Bakand and Hayes, 2016). Indeed,
several toxicological studies have highlighted their adverse effects on
cells and tissues, such as oxidative stress, genotoxicity, inflammation,
and fibrosis (Avogbe et al., 2005; Stone et al., 2007). Moreover, their
ability to cross biological barriers raises questions about possible dam-
age to organs (the lungs), to the central nervous system (the blood-brain
barrier), or during foetal development (placental barrier) (Elder and
Oberdorster, 2006). In recent years, epidemiological studies on outdoor
air pollution have shown that exposure to UFPs plays a role in the
occurrence of cardiovascular diseases, respiratory diseases, and cancer
(Schraufnagel, 2020). However, most of these studies were based on
methods to assess exposure that were often not comparable or not spe-
cific to UFPs (Ohlwein et al., 2019; Samoli et al., 2020). One reason was
the method used to measure the UFPs. For these very small particles,
mass measurement is no longer appropriate and other parameters must
be monitored, such as the surface area and number of particles (Maier
et al., 2008). The chemical composition of UFPs and their morphology
are also important parameters, as they can influence their toxicity by
modifying the surface reactivity, by conferring high bio-persistence, or
by the presence of adsorbed chemicals on the particle surface (Stone
et al.,, 2017). In addition, UFPs are typically found alongside larger
particles to form an unstable and polydispersed aerosol (Buseck and
Adachi, 2007). The particle-size distribution should also be monitored to
provide the proportion of UFPs. To date, it is necessary to use a com-
bination of real-time measuring devices and filter sampling for offline
analysis (Witschger, 2011). The lack of a harmonized method to mea-
sure UFPs has led to measurement campaigns using different methods,
producing heterogeneous exposure data. This has been relatively well
demonstrated for the workplace (Viitanen et al, 2017). In non-

occupational settings, a comprehensive study on the state of available
exposure data is lacking and would complement existing non-exhaustive
reviews (Ali et al., 2020; Chen et al., 2021; Marval and Tronville, 2022;
Morawska et al., 2017; Nazaroff, 2023). Moreover, the activities of home
occupants have been shown to influence indoor air quality and a specific
knowledge of these activities is, therefore, essential for the accurate
assessment of exposure to UFPs in the indoor environment (Baeza
Romero et al., 2022; Koivisto et al., 2019).

In this context, the objective of this review was to carry out a
comprehensive and updated analysis of available exposure data on UFPs
with respect to indoor domestic activities.

2. Methods

We performed a systematic literature review based on the PRISMA
guidelines. The protocol was registered on PROSPERO (ID:
CRD42022341214) (Moher et al., 2009). The search strategy was
designed to collect and analyse all UFP exposure data related to indoor
domestic activities until January 1, 2022. PubMed, the Web of Science,
and Scopus were queried using the following search algorithm: ((ultrafine
OR nanoparticle* OR nanoscale OR “PM1”) AND (indoor OR residen* OR
domestic OR home* OR dwelling* OR house*) AND (exposure OR mea-
sure*) NOT (occupational OR workplace*)) AND (English [language] OR
French [language])). There was no restriction for the date of publication.
Endnote® was used to manage the references and exclude duplicates.

The study selection process was based on an initial screening of the
title and abstract, followed by reading of the full text according to the
following eligibility criteria. Original and interventional studies were
included, whereas letters and reviews were excluded, as well as in-vitro
and animal studies. We restricted the inclusion to the most highly
industrialised countries with comparable lifestyles, i.e., European coun-
tries, the USA, Canada, Japan, Australia, and New Zealand (United Na-
tions, 2022). Studies with conditions that were not representative of
direct or realistic exposure to a domestic activity were not selected.
Studies performed in experimental houses, chambers, or rooms simu-
lating residential activities were considered if they had a minimum vol-
ume of 15 m°. Indoor situations in the workplace, transport, and public
buildings were not considered, nor were studies dealing with infiltration
or penetration of outdoor pollution. The domestic activities had to be
clearly identified and well described (used process at least). Measurement
had to be performed during the activity and results given by activity. The
method and strategy used had to be described. Moreover, measurement
results had to be usable without further interpretation. Thus, no data was
extracted from temporal series or graphs. Study selection was performed
according to the particle size ranges measurable with the devices used.
Only studies that included the UFP size fraction (i.e., < 100 nm) were
included. Results expressed as mass (PMO0.1 and PM1) and emission rates
(number of particles per minute or second) were excluded.

We conducted a qualitative and quantitative analysis of the selected
studies according to a standardised analytical template (see Table Al).
The qualitative analysis focused on a description of the situation of
exposure and the methods of measurement. The exposure situations
identified in each study corresponded to the different conditions for
performing an activity. We analysed all descriptive information for the
situation, including the activity, the process used, in particular, its
principle of operation, the energy and materials involved, the duration
of the activity, and the people carrying out the activity or present in the
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room. The location of the activity was studied, including the dimensions
and layout of the room, ventilation, heating, and outdoor environment
(traffic and geographical location). The methods of measurement were
also analysed, including the use of real-time instruments, media sam-
pling, and physical and chemical analysis. Particular attention was paid
to the characteristics of the instruments, such as the operating principle
and limits of detection and quantification. The sampling strategy was
also studied regarding the number and duration of measurements and
the position of the instruments within the breathing zone (individual), at
a fixed point close to the activity (ambient), or at a distance to distin-
guish the reference aerosol (background or BKG). Quantitative variables
were extracted from the measurement results: particle number concen-
tration (PNC), surface area concentration (SAC), particle size distribu-
tion (PSD), chemical composition, and morphology. From this analysis,
the qualitative and quantitative variables were recorded in an Excel®
database. In addition, a meta-analysis of PNC results was performed to
provide a concentration of exposure according to the available statistical
data and descriptive variables defined in Table 1. The mean and peak
PNC values were used as reported in the original studies without data
processing. The different particle size ranges of the measurement de-
vices used were not taken into account in the analysis. The averages of
the mean and peak concentrations were then calculated per activity and
process if at least two results were reported. A mean value was calcu-
lated from the minimum and maximum values if no mean was provided.

Finally, the quality of each study was assessed in terms of its
contribution to understanding and quantifying indoor domestic expo-
sure to UFPs. Ranking was based on the availability of information on
the situation, the measurement method, and the type of metrics. Each of
these three variables was rated between 0 and 2 according to the ranking
rules in Table 2. For the situation and the measurement method, a value
of 0 was assigned if they were poorly described, 1 if partial information
was indicated, and 2 if sufficient information was provided. For the type
of metrics, a value of 0 was assigned if only the concentration or size
distribution was reported, 1 if the concentration and size distribution or
concentration and physical-chemical characteristics were reported, and
2 if all metrics were provided. The scores for each of the three variables
(situation, measurement method and type of metrics) were summed to
obtain a final score on a scale from 0 to 6, corresponding to the relevance
of each study to document indoor exposure to UFPs: low (score < 2),
medium (3 or 4), or high (score > 5) relevance. The publication analysis
and their ranking were independently performed by two reviewers
(authors SA and AL). Discrepancies were discussed in a meeting to reach
a consensus.

Science of the Total Environment 904 (2023) 166947

3. Results
3.1. Study selection

From the bibliographical database, 9419 results matched the search
query (see Fig. 1). After the removal of duplicates, 5413 references were
screened by title and abstract leading to the selection of 385 studies for
eligibility assessment. Based on reading of the full text, 316 studies were
excluded in compliance with the ineligibility criteria. Finally, 69 orig-
inal studies were included in the analysis (see Table A2). Ranking of the
studies showed 27 to be of high interest to document UFP exposure, 39
of medium interest, and three of low interest. In total, 56 studies were
considered to provide sufficient information on the situation and 46 on
the method of measurement. The documentation of the metrics was the

9,419 results from Pubmed (n=
1,506), Web of Science(n =
4,201), Scopus (n=3,706) and
cited references (n=6)

4,006 duplicates excluded

v

v

5.413 screened by
title/abstract
»| 5,028 excluded by screening
v
385assessedfor 316 ineligible (one or more criteria)

eligibility « activity* not specified (n = 84)
* inadequate strategy (n = 70)

+ excluded metric (n= 59)

*  no measurements (n=22)

* review (n=20)

» excluded situations* (n= 28)
* sizerange> 100nm(n= 18)
. 4 » unusableresult(n=15)

» excluded country (n = 16)

69 included for analysis

*Referto Table 1 for the definitions of
activity and situation

Fig. 1. Flow chart of the selection process in the systematic review.

Table 1
Definition of descriptive variables used in the meta-analysis.
Variable Definition
Situation  Refers to a context (i.e., the circumstances) in which an activity involving a given process is performed
Activity The general category for a residential task (e.g., cooking, cleaning, etc.)
Process A more precise description of the activity including details of the technical device or equipment used by the occupant (e.g., for heating: wood stove, electric heater, etc.)
Mode Used instead of process for cooking (e.g., frying, grilling, baking, etc.)
Table 2

Rules for ranking studies to assess their relevance for indoor exposure assessment.

Variable Rating criteria
0 1 2
Situation Activity, process Activity, process and details on process (e.g., materials, energy, principle of  Activity, process and details on process and room
operation) or details on the room and/or dwelling (e.g., volume, and/or dwelling
ventilation)
Measurement Measuring devices Measuring devices (name and characteristics) and location of the Measuring devices and full strategy described
method measurement (number, duration, location, resolution time,

Concentration or size
distribution

Available metrics
characteristics

Concentration and size distribution or concentration and physical/chemical

background)
Concentration and size distribution and physical/
chemical characteristics
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most penalizing item. Among the 69 studies, 28 had the lowest level of
information: 21 presented only a number concentration, one both a
number concentration and a surface concentration, and six only a size
distribution. Only four studies provided all metrics and had the
maximum score to document indoor exposure to UFPs (score = 6). No
study was excluded due to the ranking results, as the inclusion/exclusion
criteria were already highly selective.

3.2. Study designs, activities, and measurement methods

The oldest study was published in 2000 and two thirds of the studies
were published in the 2010s (n = 44) and mainly in European and North
American countries, with the USA (n = 16) first and then Italy (n = 15).
Most studies were conducted under experimental conditions (n = 42),
including seven in experimental houses. In compliance with the selec-
tion criteria, the experimental conditions were representative of realistic
exposure. The field studies (n = 27) were conducted in houses (n = 20),
flats (n = 8), and a university residence (n = 1). Fourteen studies
investigated more than one dwelling (from 2 to 40) and for three, the
results were given as the mean for all dwellings.

In total, 346 different exposure situations were analysed across the
69 studies. Eight major groups of activities were identified: cooking,
passive smoking, the use of air-fresheners, cleaning, heating, personal
care, printing, and do-it-yourself (DIY) (see Table 3). The activities were
then detailed according to the process used; nearly 50 different pro-
cesses were identified (see Table A3). Processes were classified by ac-
tivity according to their use rather than the technology employed.
“Spray” processes were, therefore, found in several categories. The
category “other activity” was created to group processes that could not
be classified in the main groups of activity, such as the use of Bengal fires
and matches. Cooking was by far the most frequently documented ac-
tivity, whereas DIY and printing were the least documented activities.

The particle number concentration (PNC) was by far the most often
measured metric and was provided for all situations, except for the
group of other activities. Except for heating and cleaning, information
about the particle size distribution (PSD) was available for all activities
and for at least half of the situations. Surface area concentration (SAC)
and physical-chemical characteristics were poorly documented.

The most frequently used real-time devices were scanning mobility
particle sizers (SMPSs) and condensation particle counter (CPCs), used
in 31 and 23 studies, respectively. SMPSs measure the particle size
distribution by combining an electric mobility particle sizer with an
individual particle counter to deliver particle concentrations in size
channels. By summing over the size channels, a total concentration can
be obtained. For the SMPSs used in the selected studies, particle size
ranged from 2 nm to 1 pm. CPCs do not distinguish particles by size,
instead providing a single particle number concentration for a size range
that varies from one device to another, mostly from 10 nm to 1 pm (see
Table A2 for information on each measuring device). The strategy used
in all studies was to measure exposure at a fixed point in the studied
space. Only one study with personal measurements was retrieved.
However, the results provided for cooking activity were expressed as the

Table 3
Numbers of situations and available metrics retrieved by activity.
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average for all 40 participants (Shehab et al., 2021). In addition, in four
studies, some measurements were performed at a point representing the
breathing zone of a person performing the targeted activity (cooking,
use of air-fresheners, cleaning, personal care, printing, or DIY) (Mani-
grasso et al., 2017; Vu et al., 2017; Zhang et al., 2010; Zontek et al.,
2017). Background particle metrics were measured in 57 studies, either
just before the start of the activity or by deduction from the periods
without activity.

3.3. Exposure concentrations by activity and related process

Fig. 2 shows the distribution of the mean concentrations reported by
the authors for the studies retained, by domestic activity (see Table A4
for the descriptive statistics used). The calculated averages of the mean
and peak concentrations are reported in Table 4, by activity and process
(see Table B1 for a complete list of the raw data used in the meta-
analysis, i.e. mean and peak concentrations, and a description of the
corresponding situations including activities, processes and cooking
modes).

Based on the average of mean concentrations, cooking, air freshener
use (particularly those involving burning) and cleaning resulted in the
highest levels of exposure, above 10° cm_3, whereas passive smoking,
heating and printing resulted in the lowest levels of exposure. A wide
range of mean concentrations was observed for each activity, except
cleaning, based on the first and third quartiles. Each average of mean
concentrations exceeded the mean urban background concentration
estimated at about 10,000 cm™> (Morawska et al., 2008).

Cooking led to the highest average of mean concentrations, at >10°
cm ™. The highest concentrations were reported when grilling, toasting
bread, and cooking a meal or breakfast under real-life conditions or in
experimental houses. Other modes had average means on the order of
10° cm 3. The highest peak concentration was measured while frying in
oil on an electric stove for 15 min (Ciuzas et al., 2015), whereas no in-
crease above the background concentration was detected during the
cooking of scrambled eggs (reported as a zero-value peak) (Wallace and
Ott, 2011). Information about particle size was available for all cooking
modes, and the particle size for the main mode was predominantly on
the ultrafine scale (Buonanno et al., 2011; Buonanno et al., 2009;
Dennekamp et al., 2001; Fromme, 2019; Glytsos et al., 2010; He et al.,
2004; Manigrasso et al., 2015; Manigrasso et al., 2017; Vu et al., 2017;
Wallace et al., 2008; Wierzbicka et al., 2015).

The use of air-fresheners was the activity that resulted in the second
highest level of exposure to UFPs after smoking and cooking. This was
particularly due to the burning of candles (scented or unscented) as half
of the measurements exceeding 10° cm 2 in situations involving several
candles. PSD measurements showed 85 % of the particles to be 50 nm at
the beginning of the burning of the candle, after which the percentage of
UFPs decreased and a second mode > 100 nm emerged (Glytsos et al.,
2010). The highest peak concentration was measured in the breathing
zone 1.5 m from an incense cone (Manigrasso et al., 2017). The per-
centage of UFPs decreased from 45 to 20 % during the burning of in-
cense (Glytsos et al., 2010). Overall, the size mode ranged from 100 to

Activity (n studies)” # situations” Number concentration

Surface concentration Size distribution Chemistry or morphology

Cooking (30) 170 163
Air-freshener (20) 40 36
Cleaning (19) 39 35
Passive smoking (18) 30 24
Heating (9) 29 28
Personal care (7) 14 11
Printing (6) 13 11
Do it yourself (3) 10 10
Other activity (1) 2 0

37 93 2
10 29 2
1 18 0
2 13 0
3 3 0
3 7 0
0 6 5
1 6 0
0 2 1

2 More than one activity could be investigated in the same study, and more than one metric could be measured for each situation.
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Fig. 2. Distribution of the mean concentrations reported, by activity (n situations).

186 nm (Glytsos et al., 2010; Ji et al., 2010; Manigrasso et al., 2017;
Manoukian et al., 2013; Vu et al., 2017). For non-combustible air
fresheners, the reported peaks were much lower (close to 10* cm ™) for
sprays than for candles or incense.

Cleaning corresponded to an average mean of slightly above 10°
em 3. Vacuum cleaner use was the most investigated cleaning process,
for which a wide range of means was obtained with two orders of
magnitude between the minimum and maximum values. The highest
mean concentration was measured during a test involving a cylinder wet
vacuum cleaner and the lowest mean corresponded to the use of a HEPA
filter-equipped robot vacuum cleaner (Vicente et al., 2020). For ironing,
a large range of peaks was observed due to different uses. However,
steam ironing corresponded to the highest values (mean, peak), in
contrast to ironing without steam (lowest peak) (Ciuzas et al., 2015;
Vicente et al., 2021; Wallace et al., 2011). During the handling of
cleaning products, the highest peak was measured under real-life con-
ditions when using a cleaning spray in the living room of a house
(Wallace and Ott, 2011). For all activities and processes, the lowest
average of peak concentrations was obtained for air cleaners regardless
of the technology used (non-thermal plasma, ozone, or ion generators).
Peak values were similar for plasma and ozone generators: 2.0 and 2.3 x
10* em 2 in the summer and 3.5 and 5 x 10% em ™ in autumn (Ardkapan
et al., 2011). For ionizers, a peak value of 10% em™2 was measured
regardless of the season. The PSD was available only for ion generators,
with a size range from approximately 4 to 150 nm (Siegel et al., 2006;
Waring et al., 2008).

For passive smoking, higher mean and peak concentrations were
measured for cigarettes than for e-cigarettes (Manigrasso et al., 2017;
Nasir and Colbeck, 2013; Schober et al., 2014; Scungio et al., 2018).
However, far fewer means were reported for cigarettes, (3 values) than
for e-cigarettes (17 values) in the studies selected, and the same was true
for peak concentrations. The mode of particle size was lower for e-

cigarettes than for cigarettes, at about 30 nm and 100 nm, respectively
(Avino et al., 2018; Glytsos et al., 2010; Palmisani et al., 2019; Schober
et al., 2014).

Heating was among the least activities resulting in the lowest
exposure to UFPs, based on the average of mean concentrations. Wood
heating was the most documented heating process. Fireplaces were
associated with a high average of mean concentrations, i.e., 68.5 x 10°
em 2 for closed fireplaces and 128 x 10% cm™3 for open fireplaces,
respectively, whereas wood stoves gave a much lower average mean of
18 x 10% em 3. However, wood stoves led to much higher peaks of
exposure mainly due to the opening of the door, whereas the concen-
tration in the room decreased as the burning continued (Salthammer
et al., 2014). Particle size was documented only for fireplaces, for which
the mode was under 100 nm (Hussein et al., 2005; Zhao et al., 2020). For
electric heaters, a wide range of peaks was observed for different tech-
nologies. The highest peak was reached for an air-blowing heater and
the lowest for an oil-filled heater (Ciuzas et al., 2015).

Personal care led to a much higher average peak than other activ-
ities, mostly due to the use of hair dryers, which yielded the highest peak
for all processes (Ciuzas et al., 2015). By comparison, the mean PNC
measured in the breathing zone when drying hair was lower, ranging
from 5.3 x 10% to 2.5 x 10° ecm ™3 (Manigrasso et al., 2017). Mode
particle sizes of approximately 10 and 25 nm were measured for hair
dryers (Manigrasso et al., 2017). Only peak concentrations were re-
ported for hair irons. A peak of 9 x 10° em ™3 was measured in a
simulated breathing zone (Manigrasso et al., 2017) and peaks from 1.27
to 3.24 x 10° cm™2 at a fixed point in a bathroom (Wallace and Ott,
2011).

Printing was the activity associated with the lowest level of exposure
to UFPs, with an average of mean concentration close to 10* cm™3
corresponding exclusively to plastic 3D printing, an increasingly popular
leisure activity. 3D printers are usually fed with two types of filaments:
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Table 4
Mean and peak of particle number concentrations by activity and process.

Science of the Total Environment 904 (2023) 166947

Activity, process # situations”

Mean concentration (10% cm™~3)

Peak concentration (10% cm ™)

Average Range Average Range
Cooking 124 1240 10 to 41,000 210 0 to 2210
Frying 39 169 10 to 607 268 3.4 to 2210
Grilling 25 14,400 210 to 41,000 206 0.1to 1180
Oven baking 16 115 35 to 270 118 16 to 410
Boiling 17 186 13 to 356 125 1to573
Toasting 6 854 100 to 1550 195 114 to 396
Stir-frying 6 357 20 to 900 84 11 to 137
Pan-cooking 8 253 20 to 800 73 0° to 192
Several modes 7 583 13 to 1200 856 5 to 1800
Air-freshener 31 607 46 to 2670 185 4 to 890
Burnt 29 607 46 to 2670 205 26 to 890
Candles (scented or otherwise) 17 975 110 to 2670 272 49 to 890
Incense 12 135 46 to 225 83 26 to 170
Spray 2 / / 17 4 to 30
Cleaning 34 134 5 to 260 85 1 to 440
Vacuum cleaner 13 81 5to 169 56 5to 210
Products handled 8 / / 107 2 to 330
Iron 8 223 170 to 260 145 1 to 440
Air cleaner 5 / / 11 1to23
Passive smoking 24 61 6 to 540 187 24 to 668
Cigarette 9 223 13 to 540 193 29 to 668
E-cigarette 15 32 6 to 85 181 24 to 284
Heating 26 64 14 to 226 152 1to 988
Wood heater 20 64 14 to 226 163 3 to 988
Wood stove 16 18 14 to 22 163 3 to 988
Fireplace 4 87¢ 24 to 226 / /
Electric heater 6 / / 124 1 to 485
Personal care 9 / / 634 2 to 4010
Hair dryer 7 / / 695 2 to 4010
Hair iron 2 / / 450 127 to 900
Printing 10 20 2t072 142 3 to 962
Paper laser printer 6 / / 142 3 to 962
3D plastic printer 4 20 2t072 / /
DIY Machining 5 / / 242 21 to 701

“/” no concentration or only one concentration was reported; concentrations exceeding the upper limit of measuring devices (generally 10° cm ) represent <5 % of

the total number of concentrations.
@ Number of situations for which a measurement result was used.
b Not detected over the background.
¢ Calculated for three values.

acrylonitrile butadiene styrene (ABS) and poly-lactic acid (PLA). This
printing process corresponded to one of the lowest means reported. For
indoor air, a 4 h printing operation using ABS resulted in a mean con-
centration of 7.2 x 10% cm™3 (Guetal., 2019). In the breathing zone, the
PNC means ranged from 1.86 to 3.78 x 10° cm ™ using ABS and did not
exceed 4 x 10 cm ™ using PLA during a 60-min printing operation (2
different brands) (Zontek et al., 2017). Size modes were reported for ABS
printing only, ranging from 2.1 to 9.4 nm. Apart from 3D printing, laser
printing was the only one of the widely used paper-printing technologies
documented in the selected studies. Laser printing on paper reached one
of the highest peak concentrations for measurement in front of the
printer, but exposure decreased with distance from the printer to reach
the lowest peak recorded at a distance of 2 m (Wang et al., 2011). In the
same study, PSD showed a peak of particles of 30 nm at the beginning,
with particles of larger size emitted as more pages were printed. In a
home office (30 m®), the laser printing of 10 pages led to peaks ranging
from 0.6 to 1.9 x 10* cm™3 (Wallace and Ott, 2011). Home offices have
become increasingly common, but these peaks were among the lowest
reported.

For DIY, only peak concentrations were reported and were related to
machining operations (without material, lasting 4 min) (Wallace et al.,
2011b). The measured peaks showed the highest average of peaks for
sawing (3.37 x 10° cm’3), followed by sanding (1.61 x 10° cm’3) and
drilling (3.85 x 10* em ™).

No average could be calculated for mean or peak concentrations for
the following processes, for each of which only one result was available:

the use of a microwave, gas clothes dryer, electrical diffuser, mosquito
coil, forced gas air boiler, hair spray, shaver, inkjet printer, and some
DIY tools (compressor, pump, and spray can).

4. Discussion

This review provides state-of-the-art data on exposure to UFPs in
indoor air associated with domestic activities. The main activities and
processes were identified and the associated concentrations were re-
ported. Cooking was found to be the activity associated with the highest
levels exposure according to the average of mean concentrations,
whereas personal care led to the worst-case exposure situation, due to
the use of hair dryers, with a peak concentration close to 10® cm ™2,

4.1. Sensitivity analysis

We assessed the influence of the chosen statistical parameter on the
ranking of the activity for exposure to UFPs, using the median, rather
than the averages of mean concentrations (see Fig. 2). The activity
groups with the highest and lowest levels of exposure were unchanged.
Activities associated with high levels of exposure had median values
clustering close to and above 10° cm ™. For peak concentration (see
Fig. S1 and Table A6), the use of median values did not change the ac-
tivity with the highest peak (personal care) but did modify that with the
lowest peak (printing instead of cleaning).
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4.2. Limitations

These results contribute to our knowledge of the sources of exposure
to UFPs within homes. However, the list of sources used is not exhaus-
tive and could be enriched. Inconsistencies were observed in the results
of the meta-analysis, with average peak values below the average mean,
and a large range of values for the same activity and process. Indeed,
data were aggregated from several studies with different measurement
methods and diverse circumstances, resulting in considerable variability
between the situations analysed (e.g., characteristics of the process,
ventilation, room layout, etc.). In particular, ventilation and air ex-
change conditions, and room volume, are parameters with a major effect
on particle concentrations. When available, they are reported, together
with other descriptive information, in Tables A2 and B1. Moreover, the
background concentration was not systematically provided in the
studies and could not therefore be subtracted from the values obtained.
The outdoor environment may therefore have contributed to heteroge-
neity in the concentrations of particle indoors. Table A2 reports whether
the average or the peak concentrations was already corrected against the
background. These differences between studies must be considered in
the interpretation of the results of the meta-analysis. Mean concentra-
tion was the statistical parameter used in the meta-analysis, as this was
the parameter most frequently reported in the selected studies. Indoor
aerosols are relatively unstable, and their particle concentrations do not
typically follow a normal distribution (Ramachandran and Cooper,
2011). Median values would therefore have been more relevant than
means, but, unfortunately, were not systematically reported in the
selected studies and could not, therefore, be used. In addition, we were
unable to take into account the number and duration of measurements
for the calculation of the average, as they were not systematically pro-
vided. Finally, the UFP measurement devices covered different particle
size ranges, e.g., starting at 2, 5, 10 or 20 nm, and some including
particles >100 nm (up to 1 pm). These differences in diameter ranges
were not taken into account in our meta-analysis due to considerable
heterogeneity of the devices used. Only particle number concentration
was used to document the exposure level in the meta-analysis, because
too few data were available for surface area. This is not specific to the
indoor domestic environment and the situation is similar for the work-
place (Audignon-Durand et al., 2021). Nevertheless, the surface area is
still the most appropriate metric according to the concept of nano-
toxicology. Higher biological reactivity has been demonstrated for
nanometre- than micrometre-sized particles of identical chemical
composition at an equivalent mass concentration, expressed by an in-
crease in the specific surface area closely related to the number of par-
ticles (Maier et al., 2008). For example, in terms of both particle number
and surface area, passive smoking leads to lower levels of exposure to
UFPs for e-cigarettes than for cigarettes (Scungio et al., 2018). For active
smoking, the number concentrations measured in the mainstream
aerosol are higher for e-cigarettes than cigarettes, whereas surface area
concentrations are lower for e-cigarettes than for cigarettes. Further-
more, using these surface area concentrations in an excess lifetime
cancer risk model (ELCR), the ELCR is lower for e-cigarettes than for
cigarettes for both active and passive smoking (Scungio et al., 2018).
Similarly, too few results were available concerning the physical/
chemical characteristics of the emitted UFPs to be discussed. This would,
however, help in understanding the origin of the emitted particles and
allow consideration of toxicity parameters other than number and size
(e.g., shape or chemical composition). All of these limitations are mainly
due to the lack of homogeneity in the measurements performed and in
the information provided.

4.3. Contribution
One of the strengths of our study is that we used specific criteria to

select realistic indoor domestic exposure situations. By contrast, most
existing reviews on indoor UFPs have included experimental studies in
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chambers of small volume (e.g., a few m?) or involving chemical reactions
(e.g., ozone injection) (Byrley et al., 2019; Gu et al., 2020; Morawska
et al., 2013). For example, a recent meta-analysis on 3D printing that
included studies in a small chamber reported average means >10° cm ™3
(Byrley et al., 2019), whereas in our review, 3D printing led to one of the
lowest average means of approximately 10 cm ™. On the contrary, for
cleaning sprays, similar concentrations were measured under real-life
conditions of use (1.23 to 3.30 x 10° cm-3) (Vu et al., 2017; Wallace
and Ott, 2011) and in a high concentration of controlled ozone (3.6 and
8.5 x 10° em™3) (Coleman et al., 2008). Moreover, certain factors that
influence exposure have been well studied, particularly for the most
documented activities, such as cooking, for which certain factors were
consistent with those of previous studies. The use of a kitchen hood during
cooking was highlighted as a key factor to reduce UFP exposure (Zhao
et al., 2019). Switching on the hood decreased the highest mean PNC
reported for grilling from 4.1 to 0.2 x 107 cm™3 (Manigrasso et al., 2017).
However, keeping the kitchen window open appeared to be more efficient
than a hood (70 % of PNC reduction versus 35 %) (Xiang et al., 2021). The
type of energy used for cooking is also determinant and was widely
studied. Analysing measurements according to the energy used (see
Table A5), gas led to a much higher average of mean concentrations than
electricity, as previously studied (Torkmahalleh et al., 2017). The results
provided by the average of peak concentrations suggest the importance of
additional parameters other than the type of energy. For example, the
highest peak reported (3.54 x 10° cm™>) was measured during the
heating of a Teflon® coated pan on an electric stove without food (Ciuzas
et al., 2015). This result is consistent with previous observations showing
the release of UFPs during the heating of PTFE (polytetrafluoroethylene)
contained in Teflon® (Johnston et al., 2000). In addition, the presence of
adsorbed organic matter on pans, such as detergent residue, has also been
suggested in particle formation (Torkmahalleh et al., 2017).

4.4. Further research

Apart from cooking and other activities involving combustion
(smoking, combustible air-fresheners, wood burning), data are still
lacking for other activities (cleaning, electric heating, personal care,
printing, and DIY). More measurements could address questions related
to inconsistent results for a given activity. For example, hair dryers was
associated with heterogeneous PNCs. The power of the hair dryer did not
appear to be determinant in UFP release. Higher peaks were reported
with lower powers (1000 W and 1200 W) than with higher power (2200
W) and for similar durations of use between 5 and 10 min (Ciuzas et al.,
2015; Manigrasso et al., 2017). Laser printing was also associated with a
wide range of peaks. This activity has been the subject of many studies,
but most did not meet our criteria, as they characterized the emission in
small chambers or the measurements were performed in occupational
settings (Gu et al., 2020). No mean value was reported for this process,
as for most cleaning activities, DIY, and the use of hair irons and non-
combustible air-fresheners. Recommendations for UFP measurement
were established for workplaces and outdoor air (CEN., 2016; CEN.,
2018a, 2018b), but they can also be used for indoor air. Campaigns must
be carried out under real-life conditions, such as individual follow up
surveys. Data on time-activity patterns must be collected to better un-
derstand UFP exposure and the determinant parameters. Online devices
and smartphones can help to improve the collection of time-activity
patterns (Sullivan et al., 2020). We had to discard approximately 15
field studies for which the method of collecting data did not allow us to
link the measurement to a specific activity. Future research on indoor
non-occupational exposure should build on recommendations made in
the workplace to integrate activity with personal real-time measurement
(Galey et al., 2023). Portable devices are available for personal mea-
surement, providing information on the size and surface area (lung-
deposited), in addition to the number of particles (Todea et al., 2017).
Sampling techniques are available to better describe the physical/
chemical characteristics of UFPs and, thus, to better understand their
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origin and estimate their toxicity beyond their size (Kumar et al., 2021).
The standardised reporting of more contextual information and mea-
surement results in the same detection range remains challenging, but is
required to improve our understanding of indoor exposure to UFPs and
its spatial-temporal evolution. Where possible, air change rate, tem-
perature, and relative humidity in the room in which the measurements
are made should be assessed. Additional information, such as the pres-
ence and type of mechanical ventilation system, the presence of air
filtration, window opening, and the presence of a ceiling fan, should be
reported. The background concentration should be systematically re-
ported to constitute a reference value in the absence of a regulatory
value, thereby rendering measurements more meaningful. Future
studies should address these various issues. Relevant data and harmo-
nized methods can facilitate the accurate assessment of UFP exposure in
epidemiological studies. Finally, there is a massive need to extend the
research to developing countries, where UFPs represent a major problem
because they are largely emitted by the incomplete combustion of solid
and non-solid fuels used for cooking and heating.

5. Conclusion

This is the first systematic review specific to exposure to UFPs related
to indoor domestic activities. Along with the activities and processes
that emit UFPs, exposure to UFPs in terms of the PNC has been well
documented. The different size ranges of the measuring devices repre-
sent a limitation to the rigorous comparison of measured values. Further
studies are required and challenges remain to produce relevant exposure
data, but the average reported concentrations can be fed into indirect
exposure assessments or used in risk estimation models. Furthermore,
the hierarchisation of domestic activities could guide considerations
about future prevention. This review contributes to a better consider-
ation of exposure to UFPs as an indoor air quality issue in assessments of
the health impact of UFPs.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.166947.

CRediT authorship contribution statement

Sabyne Audignon-Durand: Conceptualization, Methodology, Vali-
dation, Formal analysis, Investigation, Data curation, Visualization,
Writing — original draft, Writing — review & editing. Olivier Ramalho:
Conceptualization, Methodology, Validation, Writing — review & edit-
ing. Corinne Mandin: Conceptualization, Methodology, Validation,
Writing — review & editing. Audrey Roudil: Conceptualization, Meth-
odology, Validation, Writing — review & editing. Olivier Le Bihan:
Conceptualization, Methodology, Validation, Writing — review & edit-
ing. Fleur Delva: Conceptualization, Methodology, Validation, Writing
- review & editing. Aude Lacourt: Conceptualization, Methodology,
Validation, Formal analysis, Investigation, Supervision, Writing — re-
view & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

No data was used for the research described in the article.
Acknowledgements

This work was supported by the Scientific and Technical Centre for

Building, Research and Development department, 77447 Marne-la-
Vallée, France.

Science of the Total Environment 904 (2023) 166947
References

Ali, M.U., Lin, S., Yousaf, B., Abbas, Q., Munir, M.A.M., Rashid, A., et al., 2020. Pollution
characteristics, mechanism of toxicity and health effects of the ultrafine particles in
the indoor environment: current status and future perspectives. Crit. Rev. Environ.
Sci. Technol. 1-38. https://doi.org/10.1080/10643389.2020.1831359.

Ardkapan, S.R., Afshari, A., Bergsge, N.C., Johnson, M.S., 2011. Evaluating the operation
of three air cleaners working individually in a clean room. In: 12th International
Conference on Indoor Air Quality and Climate 2011. 2, pp. 1050-1055.

Audignon-Durand, S., Gramond, C., Ducamp, S., Manangama, G., Garrigou, A., Delva, F.,
et al., 2021. Development of a job-exposure matrix for ultrafine particle exposure:
the MatPUF JEM. Ann. Work Expo. Health 65, 516-527. https://doi.org/10.1093/
annweh/wxaal26.

Avino, P., Scungio, M., Stabile, L., Cortellessa, G., Buonanno, G., Manigrasso, M., 2018.
Second-hand aerosol from tobacco and electronic cigarettes: evaluation of the
smoker emission rates and doses and lung cancer risk of passive smokers and vapers.
Sci. Total Environ. 642, 137-147. https://doi.org/10.1016/j.scitotenv.2018.06.059.

Avogbe, P.H., Ayi-Fanou, L., Autrup, H., Loft, S., Fayomi, B., Sanni, A., et al., 2005.
Ultrafine particulate matter and high-level benzene urban air pollution in relation to
oxidative DNA damage. Carcinogenesis 26, 613-620.

Baeza Romero, M.T., Dudzinska, M.R., Amouei Torkmahalleh, M., Barros, N., Coggins, A.
M., Ruzgar, D.G., et al., 2022. A review of critical residential buildings parameters
and activities when investigating indoor air quality and pollutants. Indoor Air 32,
el3144. https://doi.org/10.1111/ina.13144.

Bakand, S., Hayes, A., 2016. Toxicological considerations, toxicity assessment, and risk
management of inhaled nanoparticles. Int. J. Mol. Sci. 17 https://doi.org/10.3390/
ijms17060929.

Barhoum, A., Garcia-Betancourt, M.L., Jeevanandam, J., Hussien, E.A., Mekkawy, S.A.,
Mostafa, M., et al., 2022. Review on natural, incidental, bioinspired, and engineered
nanomaterials: history, definitions, classifications, synthesis, properties, market,
toxicities, risks, and regulations. Nanomaterials 12, 177. https://doi.org/10.3390/
nanol12020177.

Buonanno, G., Morawska, L., Stabile, L., 2009. Particle emission factors during cooking
activities. Atmos. Environ. 43, 3235-3242. https://doi.org/10.1016/j.
atmosenv.2009.03.044.

Buonanno, G., Johnson, G., Morawska, L., Stabile, L., 2011. Volatility characterization of
cooking-generated aerosol particles. Aerosol Sci. Technol. 45, 1069-1077. https://
doi.org/10.1080/02786826.2011.580797.

Buseck, P., Adachi, K., 2007. Nanoparticles in the atmosphere. Elements 4, 389-394.
https://doi.org/10.2113/gselements.4.6.389.

Byrley, P., George, B.J., Boyes, W.K., Rogers, K., 2019. Particle emissions from fused
deposition modeling 3D printers: evaluation and meta-analysis. Sci. Total Environ.
655, 395-407. https://doi.org/10.1016/j.scitotenv.2018.11.070.

CEN, 2016. Ambient Air - Determination of the Particle Number Concentration of
Atmospheric Aerosol European Standard EN 16976.

CEN, 2018a. Workplace Exposure - Assessment of Inhalation Exposure to Nano-objects
and Their Agglomerates and Aggregates. European Standard EN 17058.

CEN, 2018b. Workplace Exposure - Measurement of Exposure by Inhalation of Nano-
objects and Their Aggregates and Agglomerates - Metrics to be Used Such as Number
Concentration, Surface Area Concentration and Mass Concentration. European
Standard EN 16966.

Chen, B., Jia, P., Han, J., 2021. Role of indoor aerosols for COVID-19 viral transmission:
a review. Environ. Chem. Lett. 19, 1953-1970. https://doi.org/10.1007/s10311-
020-01174-8.

Ciuzas, D., Prasauskas, T., Krugly, E., Sidaraviciute, R., Jurelionis, A., Seduikyte, L.,
et al., 2015. Characterization of indoor aerosol temporal variations for the real-time
management of indoor air quality. Atmos. Environ. 118, 107-117. https://doi.org/
10.1016/j.atmosenv.2015.07.044.

Coleman, B.K., Lunden, M.M., Destaillats, H., Nazaroff, W.W., 2008. Secondary organic
aerosol from ozone-initiated reactions with terpene-rich household products. Atmos.
Environ. 42, 8234-8245. https://doi.org/10.1016/j.atmosenv.2008.07.031.

Dennekamp, M., Howarth, S., Dick, C.A.J., Cherrie, J.W., Donaldson, K., Seaton, A.,
2001. Ultrafine particles and nitrogen oxides generated by gas and electric cooking.
Occup. Environ. Med. 58, 511-516. https://doi.org/10.1136/0em.58.8.511.

Elder, A., Oberdorster, G., 2006. Translocation and effects of ultrafine particles outside of
the lung. Clin. Occup. Environ. Med. 5, 785-796.

Fromme, H., 2019. Particulate matter and ultrafine particles in indoor air. Encyclopedia
of. Environ. Health 36-48. https://doi.org/10.1016/B978-0-12-409548-9.11243-6.

Galey, L., Audignon, S., Brochard, P., Debia, M., Lacourt, A., Lambert, P., et al., 2023.
Strategies to assess occupational exposure to airborne nanoparticles: systematic
review and recommendations. In: Safety and Health at Work. https://doi.org/
10.1016/j.shaw.2023.02.002.

Glytsos, T., Ondracek, J., Dzumbova, L., Kopanakis, 1., Lazaridis, M., 2010.
Characterization of particulate matter concentrations during controlled indoor
activities. Atmos. Environ. 44, 1539-1549. https://doi.org/10.1016/j.
atmosenv.2010.01.009.

Gu, J., Uhde, E., Wensing, M., Xia, F., Salthammer, T., 2019. Emission control of desktop
3D printing: the effects of a filter cover and an air purifier. Environ. Sci. Technol.
Lett. 6, 499-503. https://doi.org/10.1021/acs.estlett.9b00376.

Gu, J.W., Karrasch, S., Salthammer, T., 2020. Review of the characteristics and possible
health effects of particles emitted from laser printing devices. Indoor Air 30,
396-421. https://doi.org/10.1111/ina.12646.

He, C., Morawska, L., Hitchins, J., Gilbert, D., 2004. Contribution from indoor sources to
particle number and mass concentrations in residential houses. Atmos. Environ. 38,
3405-3415. https://doi.org/10.1016/j.atmosenv.2004.03.027.


https://doi.org/10.1016/j.scitotenv.2023.166947
https://doi.org/10.1016/j.scitotenv.2023.166947
https://doi.org/10.1080/10643389.2020.1831359
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0010
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0010
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0010
https://doi.org/10.1093/annweh/wxaa126
https://doi.org/10.1093/annweh/wxaa126
https://doi.org/10.1016/j.scitotenv.2018.06.059
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0025
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0025
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0025
https://doi.org/10.1111/ina.13144
https://doi.org/10.3390/ijms17060929
https://doi.org/10.3390/ijms17060929
https://doi.org/10.3390/nano12020177
https://doi.org/10.3390/nano12020177
https://doi.org/10.1016/j.atmosenv.2009.03.044
https://doi.org/10.1016/j.atmosenv.2009.03.044
https://doi.org/10.1080/02786826.2011.580797
https://doi.org/10.1080/02786826.2011.580797
https://doi.org/10.2113/gselements.4.6.389
https://doi.org/10.1016/j.scitotenv.2018.11.070
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0065
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0065
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0070
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0070
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0075
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0075
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0075
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0075
https://doi.org/10.1007/s10311-020-01174-8
https://doi.org/10.1007/s10311-020-01174-8
https://doi.org/10.1016/j.atmosenv.2015.07.044
https://doi.org/10.1016/j.atmosenv.2015.07.044
https://doi.org/10.1016/j.atmosenv.2008.07.031
https://doi.org/10.1136/oem.58.8.511
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0100
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0100
https://doi.org/10.1016/B978-0-12-409548-9.11243-6
https://doi.org/10.1016/j.shaw.2023.02.002
https://doi.org/10.1016/j.shaw.2023.02.002
https://doi.org/10.1016/j.atmosenv.2010.01.009
https://doi.org/10.1016/j.atmosenv.2010.01.009
https://doi.org/10.1021/acs.estlett.9b00376
https://doi.org/10.1111/ina.12646
https://doi.org/10.1016/j.atmosenv.2004.03.027

S. Audignon-Durand et al.

Hussein, T., Hameri, K., Heikkinen, M.S.A., Kulmala, M., 2005. Indoor and outdoor
particle size characterization at a family house in Espoo-Finland. Atmos. Environ. 39,
3697-3709. https://doi.org/10.1016/j.atmosenv.2005.03.011.

Ji, X., Le Bihan, O., Ramalho, O., Mandin, C., D’Anna, B., Martinon, L., et al., 2010.
Characterization of particles emitted by incense burning in an experimental house.
Indoor Air 20, 147-158. https://doi.org/10.1111/j.1600-0668.2009.00634.x.

Johnston, C.J., Finkelstein, J.N., Mercer, P., Corson, N., Gelein, R., Oberdorster, G., 2000.
Pulmonary effects induced by ultrafine PTFE particles. Toxicol. Appl. Pharmacol.
168, 208-215. https://doi.org/10.1006/taap.2000.9037.

Kelly, F.J., Fussell, J.C., 2019. Improving indoor air quality, health and performance
within environments where people live, travel, learn and work. Atmos. Environ. 200,
90-109. https://doi.org/10.1016/j.atmosenv.2018.11.058.

Koivisto, A.J., Kling, K.I., Hanninen, O., Jayjock, M., Londahl, J., Wierzbicka, A., et al.,
2019. Source specific exposure and risk assessment for indoor aerosols. Sci. Total
Environ. 668, 13-24. https://doi.org/10.1016/j.scitotenv.2019.02.398.

Kumar, P., Kalaiarasan, G., Porter, A.E., Pinna, A., Ktosowski, M.M., Demokritou, P.,
et al., 2021. An overview of methods of fine and ultrafine particle collection for
physicochemical characterisation and toxicity assessments. Sci. Total Environ. 756,
143553. https://doi.org/10.1016/j.scitotenv.2020.143553.

Maier, K.L., Alessandrini, F., Beck-Speier, L., Hofer, T.P., Diabate, S., Bitterle, E., et al.,
2008. Health effects of ambient particulate matter-biological mechanisms and
inflammatory responses to in vitro and in vivo particle exposures. Inhal. Toxicol. 20,
319-337.

Manigrasso, M., Guerriero, E., Avino, P., 2015. Ultrafine particles in residential indoors
and doses deposited in the human respiratory system. Atmosphere 6, 1444-1461.
https://doi.org/10.3390/atmos6101444.

Manigrasso, M., Vitali, M., Protano, C., Avino, P., 2017. Temporal evolution of ultrafine
particles and of alveolar deposited surface area from main indoor combustion and
non-combustion sources in a model room. Sci. Total Environ. 598, 1015-1026.
https://doi.org/10.1016/j.scitotenv.2017.02.048.

Manigrasso, M., Protano, C., Vitali, M., Avino, P., 2019. Where do ultrafine particles and
Nano-sized particles come from? J. Alzheimers Dis. 68, 1371-1390. https://doi.org/
10.3233/JAD-181266.

Manoukian, A., Quivet, E., Temime-Roussel, B., Nicolas, M., Maupetit, F., Wortham, H.,
2013. Emission characteristics of air pollutants from incense and candle burning in
indoor atmospheres. Environ. Sci. Pollut. Res. 20, 4659-4670. https://doi.org/
10.1007/511356-012-1394-y.

Marval, J., Tronville, P., 2022. Ultrafine particles: a review about their health effects,
presence, generation, and measurement in indoor environments. Build. Environ.
216, 108992. https://doi.org/10.1016/j.buildenv.2022.108992.

Moher, D., Liberati, A., Tetzlaff, J., Altman, D.G., Group P, 2009. Preferred reporting
items for systematic reviews and meta-analyses: the PRISMA statement. Ann. Intern.
Med. 151 (264-9), W64 https://doi.org/10.7326/0003-4819-151-4-200908180-
00135.

Morawska, L., Afshari, A., Bae, G.N., Buonanno, G., Chao, C.Y., Hanninen, O., et al.,
2013. Indoor Aerosols: From Personal Exposure to Risk Assessment. Indoor Air.
https://doi.org/10.1111/ina.12044.

Morawska, L., Ayoko, G.A., Bae, G.N., Buonanno, G., Chao, C.Y.H., Clifford, S., et al.,
2017. Airborne particles in indoor environment of homes, schools, offices and aged
care facilities: the main routes of exposure. Environ. Int. 108, 75-83. https://doi.
org/10.1016/j.envint.2017.07.025.

Nasir, Z.A., Colbeck, 1., 2013. Particulate pollution in different housing types in a UK
suburban location. Sci. Total Environ. 445-446, 165-176. https://doi.org/10.1016/j.
scitotenv.2012.12.042.

Nazaroff, W.W., 2023. Ten questions concerning indoor ultrafine particles. Build.
Environ. 243, 110641. https://doi.org/10.1016/j.buildenv.2023.110641.

Ohlwein, S., Kappeler, R., Kutlar Joss, M., Kunzli, N., Hoffmann, B., 2019. Health effects
of ultrafine particles: a systematic literature review update of epidemiological
evidence. Int. J. Public Health 64, 547-559. https://doi.org/10.1007/s00038-019-
01202-7.

Palmisani, J., Di Gilio, A., Palmieri, L., Abenavoli, C., Famele, M., Draisci, R., et al., 2019.
Evaluation of second-hand exposure to electronic cigarette vaping under a real
scenario: measurements of ultrafine particle number concentration and size
distribution and comparison with traditional tobacco smoke. Toxics 7. https://doi.
org/10.3390/toxics7040059.

Ramachandran, G., Cooper, D.W., 2011. Size distribution data analysis and presentation.
Aerosol Measur. 479-506. https://doi.org/10.1002/9781118001684.ch22.

Salthammer, T., Schripp, T., Wientzek, S., Wensing, M., 2014. Impact of operating wood-
burning fireplace ovens on indoor air quality. Chemosphere 103, 205-211. https://
doi.org/10.1016/j.chemosphere.2013.11.067.

Samoli, E., Rodopoulou, S., Schneider, A., Morawska, L., Stafoggia, M., Renzi, M., et al.,
2020. Meta-analysis on short-term exposure to ambient ultrafine particles and
respiratory morbidity. Eur. Respir. Rev. 29 https://doi.org/10.1183/
16000617.0116-2020.

Schober, W., Szendrei, K., Matzen, W., Osiander-Fuchs, H., Heitmann, D., Schettgen, T.,
et al., 2014. Use of electronic cigarettes (e-cigarettes) impairs indoor air quality and
increases FeNO levels of e-cigarette consumers. Int. J. Hyg. Environ. Health 217,
628-637. https://doi.org/10.1016/j.ijheh.2013.11.003.

Schraufnagel, D.E., 2020. The health effects of ultrafine particles. Exp. Mol. Med. 52,
311-317. https://doi.org/10.1038/512276-020-0403-3.

Scungio, M., Stabile, L., Buonanno, G., 2018. Measurements of electronic cigarette-
generated particles for the evaluation of lung cancer risk of active and passive users.
J. Aerosol Sci. 115, 1-11. https://doi.org/10.1016/j.jaerosci.2017.10.006.

Shehab, M., Pope, F.D., Delgado-Saborit, J.M., 2021. The contribution of cooking
appliances and residential traffic proximity to aerosol personal exposure. J. Environ.
Health Sci. Eng. 19, 307-318. https://doi.org/10.1007/540201-020-00604-7.

Science of the Total Environment 904 (2023) 166947

Siegel, J.A., Waring, M.S., Yu, X., Corsi, R.L., 2006. Indoor air quality implications of
portable ion generators. In: Proceedings of the A and WMA Indoor Environmental
Quality: Problems, Research and Solutions Conference 2006, 1, pp. 45-56.

Stone, V., Johnston, H., Clift, M.J., 2007. Air pollution, ultrafine and nanoparticle
toxicology: cellular and molecular interactions. IEEE Trans. Nanobiosci. 6, 331-340.
https://doi.org/10.1109/tnb.2007.909005.

Stone, V., Miller, M.R., Clift, M.J.D., Elder, A., Mills, N.L., Moller, P., et al., 2017.
Nanomaterials versus ambient ultrafine particles: an opportunity to exchange
toxicology knowledge. Environ. Health Perspect. 125, 106002 https://doi.org/
10.1289/EHP424.

Sullivan, O., Gershuny, J., Sevilla, A., Walthery, P., Vega-Rapun, M., 2020. Time use
diary design for our times - an overview, presenting a click-and-drag diary
instrument (caddi) for online application. J. Time Use Res. 15. https://doi.org/
10.32797/jtur-2020-1.

Todea, A.M., Beckmann, S., Kaminski, H., Bard, D., Bau, S., Clavaguera, S., et al., 2017.
Inter-comparison of personal monitors for nanoparticles exposure at workplaces and
in the environment. Sci. Total Environ. 605-606, 929-945. https://doi.org/10.1016/
j.scitotenv.2017.06.041.

Torkmahalleh, M.A., Gorjinezhad, S., Unluevcek, H.S., Hopke, P.K., 2017. Review of
factors impacting emission/concentration of cooking generated particulate matter.
Sci. Total Environ. 586, 1046-1056. https://doi.org/10.1016/j.
scitotenv.2017.02.088.

United Nations, 2022. Statistical Annex - Country classifications. World Economic
Situation and Prospects (WESP) Report (37 pages).

Vicente, E.D., Vicente, A.M., Evtyugina, M., Calvo, A.L,, Oduber, F., Alegre, C.B., et al.,
2020. Impact of vacuum cleaning on indoor air quality. Build. Environ. 180, 14.
https://doi.org/10.1016/j.buildenv.2020.107059.

Vicente, E.D., Evtyugina, M., Vicente, A.M., Calvo, A.L., Oduber, F., Blanco-Alegre, C.,
et al., 2021. Impact of ironing on indoor particle levels and composition. Build.
Environ. 192 https://doi.org/10.1016/j.buildenv.2021.107636.

Viitanen, A.-K., Uuksulainen, S., Koivisto, A.J., Hameri, K., Kauppinen, T., 2017.
Workplace measurements of ultrafine particles—a literature review. Ann. Work
Expo. Health 61, 749-758. https://doi.org/10.1093/annweh/wxx049.

Vu, T.V., Ondracek, J., Zdimal, V., Schwarz, J., Delgado-Saborit, J.M., Harrison, R.M.,
2017. Physical properties and lung deposition of particles emitted from five major
indoor sources. Air Qual. Atmos. Health 10. https://doi.org/10.1007/s11869-016-
0424-1.

Wallace, L., Ott, W., 2011. Personal exposure to ultrafine particles. J. Expo. Sci. Environ.
Epidemiol. 21, 20-30. https://doi.org/10.1038/jes.2009.59.

Wallace, L., Wang, F., Howard-Reed, C., Persily, A., 2008. Contribution of gas and
electric stoves to residential ultrafine particle concentrations between 2 and 64 nm:
size distributions and emission and coagulation rates. Environ. Sci. Technol. 42,
8641-8647. https://doi.org/10.1021/es801402v.

Wallace, L., Persily, A., Emmerich, S., Rim, D., Chi, H.P., Howard-Reed, C,, et al., 2011.
Ultrafine particles: 3 years of measurements in the NIST test house. In: 12th
International Conference on Indoor Air Quality and Climate 2011. 2, pp. 859-864.

Wang, Z.M., Wagner, J., Wall, S., 2011. Characterization of laser printer nanoparticle
and VOC emissions, formation mechanisms, and strategies to reduce airborne
exposures. Aerosol Sci. Technol. 45, 1060-1068. https://doi.org/10.1080/
02786826.2011.580799.

Waring, M.S., Siegel, J.A., Corsi, R.L., 2008. Ultrafine particle removal and generation by
portable air cleaners. Atmos. Environ. 42, 5003-5014. https://doi.org/10.1016/j.
atmosenv.2008.02.011.

WHO, Regional Office for Europe, 2019. Noncommunicable diseases and air pollution.
In: WHO European high-level conference on noncomunicable diseases, 9-10 April
2019, Ashgabat, Turkmenistan.

Wierzbicka, A., Bohgard, M., Pagels, J.H., Dahl, A., Londahl, J., Hussein, T, et al., 2015.
Quantification of differences between occupancy and total monitoring periods for
better assessment of exposure to particles in indoor environments. Atmos. Environ.
106, 419-428. https://doi.org/10.1016/j.atmosenv.2014.08.011.

Witschger, O., 2011. Monitoring nanoaerosols and occupational exposure. In: Houdy, P.,
Lahmani, M., Marano, F. (Eds.), Nanoethics and Nanotoxicology. Springer-Verlag,
Berlin Heidelberg, pp. 163-199 (ISBN 978-3-642-20177-6).

Xiang, J.B., Hao, J.Y., Austin, E., Shirai, J., Seto, E., 2021. Characterization of cooking-
related ultrafine particles in a US residence and impacts of various intervention
strategies. Sci. Total Environ. 798 https://doi.org/10.1016/j.
scitotenv.2021.149236.

Zhang, Q.F., Gangupomu, R.H., Ramirez, D., Zhu, Y.F., 2010. Measurement of ultrafine
particles and other air pollutants emitted by cooking activities. Int. J. Environ. Res.
Public Health 7, 1744-1759. https://doi.org/10.3390/ijerph7041744.

Zhang, Y., Zhao, B., Jiang, Y., Xing, J., Sahu, S.K., Zheng, H., et al., 2022. Non-negligible
contributions to human health from increased household air pollution exposure
during the COVID-19 lockdown in China. Environ. Int. 158, 106918. https://doi.
org/10.1016/j.envint.2021.106918.

Zhao, Y.J,, Liu, L., Tao, P.F., Zhang, B., Huan, C., Zhang, X.A., et al., 2019. Review of
effluents and health effects of cooking and the performance of kitchen ventilation.
Aerosol Air Qual. Res. 19, 1937-1959. https://doi.org/10.4209/aaqr.2019.04.0198.

Zhao, J., Birmili, W., Wehner, B., Daniels, A., Weinhold, K., Wang, L., et al., 2020.
Particle mass concentrations and number size distributions in 40 homes in Germany:
indoor-to-outdoor relationships, diurnal and seasonal variation. Aerosol Air Qual.
Res. 20, 576-589. https://doi.org/10.4209/aaqr.2019.09.0444.

Zontek, T.L., Ogle, B.R., Jankovic, J.T., Hollenbeck, S.M., 2017. An exposure assessment
of desktop 3D printing. J. Chem. Health Saf. 24, 15-25. https://doi.org/10.1016/j.
jchas.2016.05.008.


https://doi.org/10.1016/j.atmosenv.2005.03.011
https://doi.org/10.1111/j.1600-0668.2009.00634.x
https://doi.org/10.1006/taap.2000.9037
https://doi.org/10.1016/j.atmosenv.2018.11.058
https://doi.org/10.1016/j.scitotenv.2019.02.398
https://doi.org/10.1016/j.scitotenv.2020.143553
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0165
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0165
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0165
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0165
https://doi.org/10.3390/atmos6101444
https://doi.org/10.1016/j.scitotenv.2017.02.048
https://doi.org/10.3233/JAD-181266
https://doi.org/10.3233/JAD-181266
https://doi.org/10.1007/s11356-012-1394-y
https://doi.org/10.1007/s11356-012-1394-y
https://doi.org/10.1016/j.buildenv.2022.108992
https://doi.org/10.7326/0003-4819-151-4-200908180-00135
https://doi.org/10.7326/0003-4819-151-4-200908180-00135
https://doi.org/10.1111/ina.12044
https://doi.org/10.1016/j.envint.2017.07.025
https://doi.org/10.1016/j.envint.2017.07.025
https://doi.org/10.1016/j.scitotenv.2012.12.042
https://doi.org/10.1016/j.scitotenv.2012.12.042
https://doi.org/10.1016/j.buildenv.2023.110641
https://doi.org/10.1007/s00038-019-01202-7
https://doi.org/10.1007/s00038-019-01202-7
https://doi.org/10.3390/toxics7040059
https://doi.org/10.3390/toxics7040059
https://doi.org/10.1002/9781118001684.ch22
https://doi.org/10.1016/j.chemosphere.2013.11.067
https://doi.org/10.1016/j.chemosphere.2013.11.067
https://doi.org/10.1183/16000617.0116-2020
https://doi.org/10.1183/16000617.0116-2020
https://doi.org/10.1016/j.ijheh.2013.11.003
https://doi.org/10.1038/s12276-020-0403-3
https://doi.org/10.1016/j.jaerosci.2017.10.006
https://doi.org/10.1007/s40201-020-00604-7
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0265
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0265
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0265
https://doi.org/10.1109/tnb.2007.909005
https://doi.org/10.1289/EHP424
https://doi.org/10.1289/EHP424
https://doi.org/10.32797/jtur-2020-1
https://doi.org/10.32797/jtur-2020-1
https://doi.org/10.1016/j.scitotenv.2017.06.041
https://doi.org/10.1016/j.scitotenv.2017.06.041
https://doi.org/10.1016/j.scitotenv.2017.02.088
https://doi.org/10.1016/j.scitotenv.2017.02.088
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0295
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0295
https://doi.org/10.1016/j.buildenv.2020.107059
https://doi.org/10.1016/j.buildenv.2021.107636
https://doi.org/10.1093/annweh/wxx049
https://doi.org/10.1007/s11869-016-0424-1
https://doi.org/10.1007/s11869-016-0424-1
https://doi.org/10.1038/jes.2009.59
https://doi.org/10.1021/es801402v
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0330
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0330
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0330
https://doi.org/10.1080/02786826.2011.580799
https://doi.org/10.1080/02786826.2011.580799
https://doi.org/10.1016/j.atmosenv.2008.02.011
https://doi.org/10.1016/j.atmosenv.2008.02.011
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0345
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0345
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0345
https://doi.org/10.1016/j.atmosenv.2014.08.011
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0355
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0355
http://refhub.elsevier.com/S0048-9697(23)05572-9/rf0355
https://doi.org/10.1016/j.scitotenv.2021.149236
https://doi.org/10.1016/j.scitotenv.2021.149236
https://doi.org/10.3390/ijerph7041744
https://doi.org/10.1016/j.envint.2021.106918
https://doi.org/10.1016/j.envint.2021.106918
https://doi.org/10.4209/aaqr.2019.04.0198
https://doi.org/10.4209/aaqr.2019.09.0444
https://doi.org/10.1016/j.jchas.2016.05.008
https://doi.org/10.1016/j.jchas.2016.05.008

	Indoor exposure to ultrafine particles related to domestic activities: A systematic review and meta-analysis
	1 Introduction
	2 Methods
	3 Results
	3.1 Study selection
	3.2 Study designs, activities, and measurement methods
	3.3 Exposure concentrations by activity and related process

	4 Discussion
	4.1 Sensitivity analysis
	4.2 Limitations
	4.3 Contribution
	4.4 Further research

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


