
Science of the Total Environment 756 (2021) 143553

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Review
An overview of methods of fine and ultrafine particle collection for
physicochemical characterisation and toxicity assessments
Prashant Kumar a,b,⁎, Gopinath Kalaiarasan a, Alexandra E. Porter c, Alessandra Pinna c, Michał M. Kłosowski c,
Philip Demokritou d, Kian Fan Chung e, Christopher Pain f, D.K. Arvind g, Rossella Arcucci h,
Ian M. Adcock e, Claire Dilliway f

a Global Centre for Clean Air Research (GCARE), Department of Civil and Environmental Engineering, Faculty of Engineering and Physical Sciences, University of Surrey, Guildford GU2 7XH, United
Kingdom
b Department of Civil, Structural & Environmental Engineering, Trinity College Dublin, Dublin, Ireland
c Department of Materials, Imperial College London, South Kensington, London SW7 2AZ, United Kingdom
d Center for Nanotechnology and Nanotoxicology, Department of Environmental Health, T.H. Chan School of Public Health, Harvard University, 665 Huntington Avenue, Room 1310, Boston, MA
02115, USA
e National Heart & Lung Institute, Imperial College London, London SW3 6LY, United Kingdom
f Department of Earth Science & Engineering, Imperial College London, London SW7 2AZ, United Kingdom
g Centre for Speckled Computing, School of Informatics, University of Edinburgh, Edinburgh, Scotland EH8 9AB, United Kingdom
h Data Science Institute, Department of Computing, Imperial College London, London SW7 2BU, United Kingdom
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• PM mass collection for toxicological
studies in various microenvironments
is reviewed.

• Lower amounts of PM mass limit the
workflows for toxicity assessments.

• Portable samplers with high flow rates
are suitable for both indoor and outdoor
measurement.

• Cyclone sampling technique effectively
collects viruses in all environments.

• Predictive modelling aids in identifying
hotspots for particle mass collection.
⁎ Corresponding author at: Global Centre for Clean Air R
of Surrey, Guildford GU2 7XH, United Kingdom.

E-mail addresses: P.Kumar@surrey.ac.uk, Prashant.Kum

https://doi.org/10.1016/j.scitotenv.2020.143553
0048-9697/© 2020 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 1 August 2020
Received in revised form 8 October 2020
Accepted 2 November 2020
Available online 6 November 2020

Editor: Pavlos Kassomenos

Keywords:
Particulate matter
Particulate matter (PM) is a crucial health risk factor for respiratory and cardiovascular diseases. The smaller
size fractions, ≤2.5 μm (PM2.5; fine particles) and ≤0.1 μm (PM0.1; ultrafine particles), show the highest bioac-
tivity but acquiring sufficient mass for in vitro and in vivo toxicological studies is challenging. We review the
suitability of available instrumentation to collect the PM mass required for these assessments. Five different
microenvironments representing the diverse exposure conditions in urban environments are considered in
order to establish the typical PM concentrations present. The highest concentrations of PM2.5 and PM0.1

were found near traffic (i.e. roadsides and traffic intersections), followed by indoor environments, parks and
behind roadside vegetation. We identify key factors to consider when selecting sampling instrumentation.
These include PM concentration on-site (low concentrations increase sampling time), nature of sampling
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Ultrafine particles
Mass collection
Physicochemical characteristics
Toxicological assessments
Artificial intelligence
sites (e.g. indoors; noise and space will be an issue), equipment handling and power supply. Physicochemical
characterisation requiresmicro- tomilli-gram quantities of PM and it may increase according to the processing
methods (e.g. digestion or sonication). Toxicological assessments of PM involve numerous mechanisms (e.g.
inflammatory processes and oxidative stress) requiring significant amounts of PM to obtain accurate results.
Optimising air sampling techniques are therefore important for the appropriate collection medium/filter
which have innate physical properties and the potential to interact with samples. An evaluation of methods
and instrumentation used for airborne virus collection concludes that samplers operating cyclone sampling
techniques (using centrifugal forces) are effective in collecting airborne viruses. We highlight that predictive
modelling can help to identify pollution hotspots in an urban environment for the efficient collection of PM
mass. This review provides guidance to prepare and plan efficient sampling campaigns to collect sufficient
PM mass for various purposes in a reasonable timeframe.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Particulate matter (PM) is of great concern due to its association
with a variety of health impacts, such as respiratory and cardiovascular
diseases (Dockery and Pope 3rd., 1994; Kappos et al., 2004; Heal et al.,
2012). Numerous studies havedemonstrated the association of airborne
PMmass and respiratory admission in hospitals (Bell et al., 2014; Tecer
et al., 2008). Other works have shown a strong association between the
chemical composition and biological response, such as the influence of
transition metals such as iron and manganese and their potential to
cause oxidative stress by producing reactive oxygen species (Yuan
et al., 2019; Charrier and Anastasio, 2015; Ghio and Devlin, 2001;
Huang et al., 2003; Schlesinger et al., 2006). PMwith an aerodynamic di-
ameter of ≤10 μm (PM10) can be inhaled by humans and deposited into
the respiratory tract. Fine particles ≤2.5 μm (PM2.5) - a subset of PM10 -
show a much higher fraction of deposition in the alveoli (ICRP, 1994).
Another subset, ultrafine particles (≤100 nm in diameter, also referred
to as UFP or PM0.1), contribute negligibly to the particle mass but signif-
icantly to particle number concentrations (PNC) and are thus measured
by their counts (Kumar et al., 2010, 2014). UFPs are so small in their size
that they can penetrate deep into the lungs and translocate to the other
parts of the body (HEI, 2013). It is hypothesised that UFPs may have a
2

greater potential for adverse health impacts compared with larger-
sized particles (Kumar et al., 2014; WHO, 2013). Current ambient air
quality regulations do not cover UFPs. They are also identified as one
of themain contributing factors, after the fine PM fractions, responsible
for adverse health effects observed at typical outdoor levels (Stone et al.,
2017). UFPs, including the organic material attached to them, can cause
acute respiratory and cardiovascular effects (Ahmed et al., 2020; Li et al.,
2016), due to their large surface area, ability to generate reactive oxygen
species (ROS), surface reactivity and their chemical composition of
semi-volatile organic compounds. These effects induce potential cyto-
toxicity and inflammation in cells andneed to be studied for their epide-
miological effects on respiratory cells. Apart from UFPs, their larger
counterparts such as PM2.5 can also elicit varied biological responses,
such as inflammatory responses causing COPD (chronic obstructive pul-
monary disease) and other pulmonary infections. Furthermore, UFPs
cause reactive oxidative stress on cells, effects on sensory receptors
and neurons, and various other biological responses (Kreyling et al.,
2006; Kodavanti and Watkinson, 2005; Gavett et al., 2003). Generally,
PM toxicity refers to the absorption anddistribution of chemical compo-
nents of particles, causing adverse health effects throughout the body
other than carcinogenicity (Rundell et al., 2007) and mutagenicity
(Bennett and Brown, 2005). Table 1 illustrates the varied biological

http://creativecommons.org/licenses/by/4.0/
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Table 1
Summary of existing reviews on the physicochemical and toxicological studies onfine and
ultrafine particles.

Study focus and topic areas covered Author (year)

● Toxicological effects of PM2.5 to understand the
molecular pathways generating oxidative stress in
particles and their transmission to the target organs.

Leni et al. (2020)

● Summarised the association of PM with pediatric
asthma and reviewed their fundamental molecular
mechanisms.

Xu et al. (2020)

● Toxicological studies of PM obtained from whole
diesel exhaust and particle filtered exhaust involv-
ing animal and human exposure studies.

Weitekamp et al.
(2020)

● The physico-chemical composition, exposure
(in vivo) and toxicological (in vitro) studies on PM
from underground railway emissions of PM and its
effects on human health.

Loxham and
Nieuwenhuijsen (2019)

● Summarised the time series and cohort study on
PM2.5 on their effects of cardiovascular and chronic
respiratory effects and other health endpoints.

Yang et al. (2019)

● Summarised the in vivo/vitro studies on the
immunotoxic effects of PM2.5 exposure to pulmo-
nary cellular effectors.

Wei and Tang (2018)

● Inflammatory health effects from various types of
PM sources and different environments and their
pathogenesis of diseases.

Wu et al. (2018)

● Collected data for studies on the divergent
responses to PM exposure and the effects on differ-
ent types of cell deaths and their assessment in
PM-exposed models (in vivo).

Peixoto et al. (2017)

● Toxicological studies of PM2.5 (both in vitro and
in vivo) and its biological response in humans.

Mohammed et al.
(2016)

● Toxicological effects of PM comparing reactive oxy-
gen species (ROS) production, inflammation and
oxidatively damaged DNA in different experimental
systems.

Møller et al. (2014)

● Methods to evaluate the various toxicological effects
of PM on the respiratory, cardiovascular, and ner-
vous systems using in vivo and in vitro experimen-
tal models.

Nemmar et al. (2013)

● Toxicological effects of PM from various sources,
especially their components and bioreactivity of PM
from traffic emissions.

Kelly and Fussell (2012)

● Studies relating to different PM sources and their
effects on human health.

Stanek et al. (2011)

● Studies on ambient PM and the effects of PM on
oxidative stress, activation of antioxidant defences,
inflammation and toxicity.

Li et al. (2008)

● Studies linking the in vitro toxicological effects and
mechanisms of PM from traffic emissions, focusing
on PM size fractions < PM10.

de Kok et al. (2006)
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responses that are reported in various review articles and a detailed
summary of relevant in vitro and in vivo studies are provided in Supple-
mentary Information (SI) Section S1. Studies reveal that the toxicologi-
cal effects of the collected particles vary. The factors contributing to
these varied effects are particle size distribution, particle shape and
their specific chemical constituents and compositionwithin themixture
(Mirowsky et al., 2013; Yuan et al., 2019; Lippmann and Chen, 2009;
Ahmed et al., 2020; Min et al., 2011; Fuentes-Mattei et al., 2010; Ling
and van Eeden, 2009). The studies reviewed in Table 1 suggest that
PM cytotoxicity or genotoxicity depend on the heterogeneous chemical
composition of PM and the toxicological outcomes are highly variable,
which could be attributed to different source environments and emis-
sion sources (Gualtieri et al., 2011; Camatini et al., 2011).

Hence, there is an increasing interest in investigating the toxicity of
these particles using in vitro cellular studies. Such a cellular analysis re-
quires the collection of sufficient particlemass, which is challenging, es-
pecially for UFPs with negligible mass (Kumar et al., 2014). Hence, the
focus of this review is on PM2.5 and UFPs and the methods of collecting
their mass in quantities that are sufficient for their physicochemical
characterisation and testing in vitro cellular studies.
3

In order to assess the physico-chemical properties of PM for toxico-
logical and epidemiological studies, various sampling methods have
been developed. Generally, the collection of PM with a sufficient quan-
tity for in vitro and in vivo toxicological studies can be impacted by var-
ious factors, including meteorological conditions, particle collection
approaches and substrates used, to mention a few. There are numerous
reviews on PM effects on cytotoxicity, mutagenicity, respiratory and
other pulmonary disorders (Section S1); however, dedicated reviews
of methods for collecting PM, especially fine and ultrafine particle
sizes, for these toxicology studies, are few.

The review of past publications (Table 1) indicates a gap in PM col-
lection strategies in a consolidated manner. This review aims to fill
this gap by focusing on themethods used in PM collection for toxicolog-
ical studies by exploring the various existing collection methods in in-
door and outdoor environments. The main challenge is to recommend
an efficient way - by reviewing the samplers and typical concentrations
in different urbanmicroenvironments - to collect enoughmass of PM2.5

and UFP particles for physico-chemical characterisation and toxicologi-
cal assessments. Thus, the objective of this review is to: (i) provide a de-
tailed quantification of particle concentrations in different
microenvironments, (ii) review existing methods of particle collection
and instrumentation, (iii) provide an effective way to collect sufficient
amounts of particles, and (iv)make recommendations for PM collection
methodologies for assaying toxicity.

2. Scope and outline

This article is based on the published scientific literature on PM col-
lection methods used for physicochemical characterisation and toxicity
assessments and related instrumentation for PM concentrations and
mass collection on filters. The scope of this review is limited to station-
ary measurements of PM2.5 and UFPs, methods of monitoring their con-
centrations andmass, aswell as associatedphysicochemical and toxicity
analyses. We also include a review of the collection of airborne viruses,
given the ongoing SARS-CoV-2 pandemic. Other microorganisms such
as bacteria's and pathogens are beyond the scope of the current paper.
Also, mobile and personal sampling (particularly equipment used to
evaluate occupational health hazards) and real-time monitoring for
PM or associated human health effects are beyond the scope of this
review.

We carried out a systematic literature search to include the most
suitable scientific papers related to PM2.5 and UFPs, urban microenvi-
ronments, toxicological studies, physicochemical characterisation,
human exposure to PM, predictive modelling and certain other related
keywords. The scientific databases such as Web of Science, Scopus, Sci-
enceDirect, PubMed andGoogle Scholarwere searched in different key-
word combinations such as PNCs, mass concentrations of PM, high
volume samplers, fine particulate samplers, gravimetric measurements,
cell culture of PM, microenvironments, toxicity, cell models for PM ex-
posure, ROS, oxidative stress, cytotoxicity, genotoxicity, gene expres-
sions, lung epithelial cells, COPD, respiratory disorders, inflammatory
responses, pulmonary fibrosis and A549 cells. The search procedure
was repeated several times using Google and the relevant keywords.
In all scientific databases, the search term combinations were modified
depending on the success rate and precision of the outcome. This search
resulted in over 1800 papers. The abstracts, experimental methodolo-
gies and conclusions of these collected paperswere studied and approx-
imately ten percent (~170) of them were found to be suitable for
discussion in this review. The discussed articles also include relevant
concepts and additional articles that have underpinned our previous re-
search. The literature relating to PM2.5 and UFPs toxicological and phys-
icochemical assessments is voluminous and increasing rapidly. Hence,
we considered English language articles published in peer-reviewed
journals and reliable reports.

We start the review by providing a detailed synthesis of the typical
concentrations in different micro-environments for the PM2.5 and
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ultrafine particle (UFPs) sizes (Section 3). The available particle collec-
tionmethods and the instrumentation used for the toxicological studies
of PM for both the particle sizes are discussed (Section 4), in addition to
the need for the physicochemical characterisation (Section 5), consider-
ations for PM2.5 and PM0.1 mass collection for in vitro toxicity studies
(Section 6), and the ways to optimise the particle collection
(Section 7). The article concludes with a final section summarising
these results with concluding remarks, highlighting knowledge gaps
and drawing future recommendations for obtaining sufficient amounts
of PM for toxicity studies (Section 8).

3. Typical concentrations in different microenvironments

The stationary microenvironments, such as indoor, roadsides with/
without green infrastructure, traffic intersections and parks broadly
represent areas where urban populations spend most of their time. In
general, the exposure levels in any microenvironment are indicated by
the levels of PM mass concentrations for fine or coarse particles
(e.g., Buonanno et al., 2011; Klepeis, 2006; Pacitto et al., 2018; Kumar
et al., 2018) and particle number or surface area concentrations for
UFPs (Franck et al., 2011; Giechaskiel et al., 2009; Knibbs et al., 2011).
The concentration levels discussed in the review are obtained frompub-
lished studies that have adopted filter, optical or sensor-based sampling
approaches for estimating the concentration of PM2.5 and UFPs in differ-
ent urban microenvironments. Although the instruments discussed in
Table S1 might employ different approaches to estimate concentration
values, our focus here is mainly to understand the typical concentra-
tions in these urbanmicroenvironments and the instruments using var-
ied measuring mechanisms are discussed in Section 4.2. Concentration
levels in each microenvironment depend on factors such as the types
of activities, including resuspension of dust, traffic density and vehicle
idling activities in the outdoors (Pant and Harrison, 2013), cooking
(Morawska et al., 2013), emissions from printers (Voliotis et al., 2017)
or other activities in the indoors of homes and offices, sitemorphologies
(Fujita et al., 2014) that could vary at different geographical locations.
For instance, the pollution levels in countries such as China and India
are different to those in the UK, Europe or USA, due to factors such as
the type and usage of vehicles, road planning, traffic levels, fuel type
and emission standards. Hence, we review the PM concentration levels
in different countries and discuss the characteristics of different micro-
environments in them. It allows us to understand the differences in
mass and particle number concentrations of particles in fine and ultra-
fine particles and obtain typical average concentrations to aid the esti-
mation of sufficient particle mass collection by an appropriate sampler
in a reasonable time frame and enabling physicochemical and toxicity
assessments.

The indoor microenvironment is of great importance since most of
the population spend around 80% to 90% (Li et al., 2017; Delgado-
Saborit et al., 2011; Leech et al., 2002) of their time indoors, such as in
homes, offices, and automotive cabins. The factors such as built environ-
ment, ventilation, insulation and other indoor activities (Massey et al.,
2016; Habil et al., 2015; Tan et al., 2013; Wayne and Roberts, 1998) af-
fect the level of personal exposure in an indoor microenvironment.
Hence, we consider indoor microenvironment as part of this review.
Furthermore,microenvironments close to traffic emissions, such as traf-
fic intersections and roadside areas are often covered, since thesemicro-
environments are exposed to elevated levels of PM2.5 and UFPs
(O¨zkaynak et al., 2008; Fujita et al., 2007). The PM concentrations in
traffic-related microenvironments were found to be higher, due to the
contribution from the exhaust (tailpipe) and non-exhaust (e.g., tyre
and brake wear, re-suspension of dust) emissions of vehicles; (Pant
and Harrison, 2013; Kumar et al., 2013). The Non-exhaust emissions
mainly generate coarse particles (PM2.5–10) as opposed to the exhaust
emissions which contribute largely to fine particles (PM2.5) (Kam
et al., 2012; Thorpe et al., 2007). Conversely, emissions arising from
the tailpipe of on-road vehicles are the major contributors to UFP
4

emissions in cities (Zhu et al., 2002; Fujitani et al., 2012; Kerminen
et al., 2007; Wang et al., 2008; Weijers et al., 2004).

Parks have also been considered since urban vegetation reduces PM
concentrations (Paoletti et al., 2011; Brack, 2002; Tiwari and Kumar,
2020), increases lung function (Sinharay et al., 2018) and benefits men-
tal health and wellbeing during any physical activity (Kumar et al.,
2019). This microenvironment is important for various community
and physical activities such as running, walking and exercise (Cohen
et al., 2007; Bedimo-Rung et al., 2005; Ulrich et al., 1991) and people
of all ages spend considerable amounts of time in parks with the confi-
dence of less air pollution (Lin et al., 2014). A recent review published
on selecting appropriate green infrastructure (GI) to mitigate air pollu-
tion (Barwise and Kumar, 2020) suggests a predominant role of GIs in
reducing roadside exposure to pollution. Themagnitude of air pollution
reduction is demonstrated by field investigations and computer simula-
tions using airflow models (Tiwari and Kumar, 2020; Tiwari et al.,
2019). Hence, PM concentration levels, size distribution and chemical
composition in these microenvironments are of growing interest. We
consider the roadside microenvironments adjacent to GI in this review
since these potentially mitigate the impacts of air pollution exposure
(Kumar et al., 2019; Abhijith and Kumar, 2019; Abhijith et al., 2017;
Ottosen and Kumar, 2020).

3.1. Fine particles

Table S1 shows a summary of PM2.5 concentrationsmeasured in var-
ious studies in different microenvironments. The indoor environment
represents different atmospheres, such as homes, office spaces, schools,
local shops, malls and food courts (Tan et al., 2020; Kelly and Fussell,
2019; Rivas et al., 2014). In general, the source of indoor particulates
is associated with anthropogenic activities, intended usage of the
space, type of activity being carried out and their air-exchange rate by
natural or mechanical ventilation via HVAC systems. Among these, in-
door PM concentrations are governed primarily by factors such as
cooking activities (especially involving charcoal) (Lim et al., 2012),
smoking (Gurung et al., 2016; Lai et al., 2004), office laser printers
(Tang et al., 2012), resuspension of particles following human use of
the space (Nazaroff, 2004) and poor ventilation conditions (Matic
et al., 2017; Chatzidiakou et al., 2015). The levels of PM concentration
might increase or decrease according to the intensity of these activities.
A detailed literature review suggests that indoor concentrations are
mostly measured using cascade impactors and, in some studies, per-
sonal monitors, continuous monitoring devices such as Harvard com-
pact cascade impactor, Sioutas personal samplers, GRIMM and any
kind of wireless sensor system (Table S1) and passive sampling tech-
nique (Canha et al., 2014). The average level of indoor PM2.5 concentra-
tions, based on the studies summarised in Table S1, were found to be
18.1 ± 6.9 μgm−3 (Table S1). Contrarily, the concentrations of PM at
traffic-relatedmicroenvironments, such as roadside and traffic intersec-
tions, depends on the density and the type of vehicles, time of sampling
(i.e., peak versus off-peak hours) (Piotrowicz and Polednik, 2019;
Shakya et al., 2017), vehicle idling times and traffic signals (Wang
et al., 2008). Themajor contributors of PM from traffic-relatedmicroen-
vironments are primarily from passenger cars (Iijima et al., 2007),
heavy-duty vehicles (HDVs), light-duty vehicles (LDVs) (Robert et al.,
2007a, 2007b) and buses (Rivas et al., 2017). These traffic-related con-
centrations are measured by a range of instruments such as high-
volume samplers (Cui et al., 2016; Lawrence et al., 2013), fine particle
samplers (Jain et al., 2020) or mini volume samplers (Tobler et al.,
2020). Based on the studies summarised in Table S1, their concentration
levels can be 27.5± 19.8 μgm−3 and 33.1± 5.3 μgm−3 for roadside and
traffic intersections, respectively (Fig. 1). Furthermore, park microenvi-
ronments located at a moderate distance from the urban activities are
also impacted from local sources such as vehicular combustion, resus-
pension and various other cooking activities in an urban area
(Harrison et al., 2001) and theywere found to possess PM concentration
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Image of Fig. 1


Table 2
Summary of the type of instruments used for collecting PM2.5 for cell/lung toxicity
analysis.

Sampler type (purpose) Nominal
flow rate

Author (year)

Harvard impactors (Toxicological studies on
structural and functional effects on the liver of
mice exposed to PM2.5)

30 LPM Tavera Busso
et al. (2020)

High-volume air samplers (Thermo Fisher Scientific,
Waltham, MA, USA). (PM2.5 exposure on
cytotoxicity, oxidative stress, genotoxicity and
inflammatory responses)

1050
LPM

Chen et al.
(2020)

Fine particulate sampler (APM-550, Envirotech)
(Cytotoxicity and genotoxicity assessments)

16.6 LPM Islam et al.
(2019)

Fine particulate sampler (Model: APM 550)
(Cytotoxicity and reactive oxygen species (ROS)
assessments)

16.6 LPM Jan et al.
(2020)

High-volume air samplers (Thermo Fisher Scientific,
Waltham, MA, USA). (PM2.5 varied dosages
(ranging from 0 to 100 μg/mL) on human
bronchial epithelial (HBE) cells expressing CYP1A1
(HBE-1A1))

1050
LPM

Chen et al.
(2019)

Medium-volume air sampler (AMAE Co., Ltd.,
Shenzhen, China). (Effects of region- and season--
dependent differences of PM2.5 on cytotoxicity)

100 LPM Song et al.
(2020)

High-volume sampler (TH1000H, Wuhan Tianhong
Intelligence Instrumentation Facility, China).

(Metabolic responses of HepG2 cells to PM2.5

exposure)

16.6 LPM Ye et al. (2019)

Tianhong TH-150C PM2.5 sampler
(Cardiac developmental toxicity assessments of
PM2.5 exposure due to excessive ROS)

100 LPM Ren et al.
(2019)

High volume sampler (TH-1000CII, Wuhan Tianhong,
China), (Short-term exposure of PM2.5 developing
pulmonary fibrosis)

1050
LPM

Sun et al.
(2020)

High-volume impactor sampler
(HVIS). (Inflammatory responses of human bronchial
epithelial (DHBE) to PM2.5 exposure)

400 LPM Sotty et al.
(2019)

High-volume cascade impactor (Staplex TFIA-2).
(Toxicological studies on BEAS-2B cells for varied
durations).

700 LPM Borgie et al.
(2015)
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levels of 16 ± 4 μgm−3 (Fig. 1). These park microenvironments were
found to be using dichotomous sequential samplers, TEOM based sam-
plers and PM2.5 cyclone samplers (Table S1). Finally, the GI (foliated
tree line and roadside hedges) microenvironments, which are an
emerging architecture to reduce air pollution, involved continuous
monitoring devices, such as GRIMM aerosol mass spectrometers, Dust
Trak monitors and other continuous monitoring devices (Table S1).
These GIs were found to reduce air pollutant exposure by up to 63%
and respiratory deposited dose by 36% (Abhijith and Kumar, 2019; Al-
dabbous and Kumar, 2014). Based on the studies summarised in
Table S1, typical PM2.5 concentrations around the GIs microenviron-
ments were found to range from 18 ± 17 μgm−3 (Fig. 1). In general,
the PM2.5 concentrations are measured primarily by using PM samplers
which are equipped with a filtering medium, which serves both for
gravimetric and other related chemical analysis. Also, the aforemen-
tioned concentration values are average values and they may vary ac-
cording to various factors with respect to different
microenvironments. However, this detailed collection of average con-
centrations build an understanding of the PM2.5 levels in the respective
microenvironments to select the appropriate sampler (discussed in
Section 4) and provide guidance for how long is needed to collect PM
for toxicological studies (Section 7).

3.2. Ultrafine particles

UFPs originate mainly from combustion activities (Costabile et al.,
2019; Kumar et al., 2010; Morawska et al., 2013; Settimo et al., 2020)
and are measured by PNC due to their negligible mass compared with
larger diameter particles (Heal et al., 2012; Kumar et al., 2014;
Slezakova et al., 2019). Table S2 presents a review of UFP concentrations
in the different microenvironments. The factors affecting the typical
concentrations are nearly identical for UFPs inmostmicroenvironments
(Section 3). The indoor concentration of UFPs have been measured
using instruments such as the condensation particle counters (CPCs;
particle size range 0.006–3 μm). Based on the studies summarised in Ta-
ble S2, their concentrations were found to be 1.6 ± 1.4 × 104 cm−3

(Fig. 1). The traffic-related emissions for roadside and traffic intersec-
tions use scanningmobility particle sizers (SMPS; 0.005–3 μm)and con-
densation particle counters (CPCs; 0.006–3 μm) for UFPsmeasurements
(Table S2) with concentration levels of 2.4 ± 0.9 × 104 cm−3 and 2.6 ±
0.7 × 104 cm−3 (Fig. 1) for sites in and around London (Table S2). Fi-
nally, the parkmicroenvironmentswere found to possess concentration
levels of 6.8 ± 1.3 × 103 cm−3 (Fig. 1) which are measured mostly by
using instruments such as SMPS (Table S2). The concentration levels
prevailing in the roadsidemicroenvironmentswith GIs use fastmobility
particle sizer (FMPS;), differential mobility spectrometers (DMS;
0.005–2.5 μm), GRIMM (0.25–32 μm) and PTrak model instruments
(0.02–1 μm) (Table S2) for UFP measurements and their mean concen-
trations levels are 1.1 ± 0.5 × 104 cm−3 (behind hedges) (Fig. 1). The
UFP measurements were mostly carried out using instruments such as
the SMPS in these different microenvironments. Toxicological study as-
says require reasonable quantities of particle mass (i.e., in milligrams;
Section 6), which is remarkably lower for UFPs compared with PM2.5.
Thus the sampling timeusing air sampling equipment has to be planned
appropriately, as discussed in the next section.

4. Methods of particle mass sampling

The PM collection strategies can vary according to the type of micro-
environments. For instance, high volume samplers with heavier pumps
are challenging to use indoors (due to the unsuitability of the pump
noise in an office space or home environment). Similarly, the use of
mini-volume samplers with lower pump capacities can have disadvan-
tages in traffic-related or polluted outdoor environments due to the
higher PM concentrations, potentially requiring more frequent change
6

in filteringmedium. Hence, the following section discusses the available
methods and instrumentation for the collection of PM2.5 andUFPsmass.
4.1. Fine particles

The mass of PM2.5 particles for physicochemical and toxicity assess-
ments is usually collected by three different types of air samplers, as
summarised as in Table 2. They fall under the following categories:
(i) high volume samplers, which mostly have a single impactor corre-
sponding to the particle size of interest (e.g., PM2.5 samplers, fine partic-
ulate samplers, and chemical speciation samplers); (ii) mini volume
samplers (with two impactors of particle sizes PM10 and PM2.5); and
(iii) Cascade impactors, which have multiple impactors to cover varied
particle sizes (e.g., Harvard compact cascade impactors, HCCI). These
samplers, in general, collect the PM2.5 particles in quartz (Islam et al.,
2019; Hong et al., 2017) and PTFE filters (Jan et al., 2020), whereas the
HCCIs use a polyurethane foam (PUF) impaction substrates and Teflon
filters which can be subjected to chemical characterisation
(Demokritou et al., 2004).

There are challenges in using impaction-based approaches for size-
fractionated PM sampling. Conventional impaction-based samplers
use impaction substrates coated with oil and other adhesives to mini-
mise particle bouncing. However, it is not possible to use such PM sam-
plers to collect mg-level PM for toxicological studies due to theminimal
loading capacity of hard impaction substrates (Lee et al., 2005).
Demokritou et al., 2002 developed a series of impaction-based samplers
using a “dry” porous substrate (PUF) which enables the collection of
huge quantities of particles with no particle bounce. Such PUF-based



Table 3
Summary of the type of instruments used for collecting UFP for in vitro and in vivo analysis
of lung toxicity.

Sampler type (purpose) Nominal flow rate
(diameter range)

Author (year)

Portable current air sampler (AP BUCK
LP-12) with Sioutas cascade impactor.

(Physicochemical characterisation, lung
cancer cell adhesion and metastasis)

9 LPM
(0.25 μm–2.5 μm)

Gao and Sang
(2019)

High volume five stages plus back-up
cascade impactor (model 235, 68
m3/h, Tisch, USA)

(Toxicity effects of chemical
determinants on cells)

1100 LPM
(0.3 μm–2.5 μm)

Badran et al.
(2020)

Cascade impactors (Moudi model
100-S4 Specials from MSP/Copley
Scientific)

(Chemical characterisation, source
estimations and bioaccessibility
investigations)

30 LPM
(0.18 μm–18 μm)

Weggeberg et al.
(2019)

High-volume impactor sampler
(HVIS). (Inflammatory responses of
human bronchial epithelial (DHBE) to
PM2.5 exposure)

400 LPM
(0.18 μm–2.5 μm)

Sotty et al. (2019)

Micro-orifice uniform deposit impactor
(MOUDI™; MSP Inc., Minneapolis, MN,
USA). (Cardiopulmonary health
response with a 6.3% increase in
systolic blood pressure and diastolic
blood pressure).

30 LPM
(0.056 μm–18 μm)

Liu et al. (2018)

Dekati gravimetric impactor (DGI,
DGI-1570, Dekati Ltd.). (Quasi-UFPs
emitted from pure ULSD for
cytotoxicity and gene expression
studies).

70 LPM
(0.2 μm–2.5 μm)

Zhang and
Balasubramanian,
2018

MOUDIs (Model 110, MSP Corp., MN,
USA). (UFPs exposure on oxidative
stress, cytotoxicity and genotoxicity
were investigated in A549 cells).

30 LPM
(0.056 μm–18 μm)

Corsini et al.
(2017)

MOUDIs (Model 110, MSP Corp., MN,
USA). (genotoxic evaluation was
performed on A549 cells (human lung
carcinoma cells)

30 LPM
(0.056 μm–18 μm)

Marabini et al.
(2017)

High volume cascade impactor (Staplex
TFIA-2).(Toxicological studies on
BEAS-2B cells for varied durations),

700 LPM
(0.3 μm–5 μm)

Borgie et al.
(2015)

High-volume ultrafine particle (HVUP)
sampler. (UFP exposure studies on
Reactive Oxygen Species (ROS)
formation).

400 LPM
(0.18 μm–2.5 μm)

Campbell et al.
(2014)
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impaction samplers have varied flow rates from 5 to 1000 LPM (Chang
et al., 2013; Sarnat et al., 2003; Demokritou et al., 2002). Another chal-
lenge associated with impaction-based PM samplers is the efficient ex-
traction fromfilters of particles for toxicological studieswithout altering
their physico-chemical properties. Pal et al. (2015) developed amethod
which enables the extraction of PM from substrates without any such
alteration.

Among these different types of samplers, high volume samplers are
the most commonly used samplers in PM2.5 collection for toxicological
studies (Table 2). These are categorised as high-volume samplers due
to their high flow rates, ranging from 16.7 LPM to 30 LPM that is usually
denoted as 16.7 to 30 LPM, respectively (Jan et al., 2020; Deng et al.,
2013; Fuentes-Mattei et al., 2010; Oh et al., 2011; Billet et al., 2007;
Deng et al., 2006; Dagher et al., 2005; Demokritou et al., 2004; Hsiao
et al., 2000). These samplers are highly efficient in collecting large quan-
tities of particles in a short period of time with similar power require-
ments as domestic appliances. The high volume samplers do not
employ multiple stages of impactors, as cascade impactors do, rather,
they possess a single impactor with the particle size of interest (PM2.5

impactor) which retains particles of ≤2.5 μm diameter on a filter holder
equipped with either Teflon or quartz filters (Islam et al., 2019). These
types of impactors are generally used in outdoor environments, usually
for collecting particles from traffic-related (such as roadside, traffic in-
tersections) microenvironments (Table 2). Certain other toxicological
studies have used the cascade impactor methodology, especially the
HCCI with four impactor stages corresponding to the PM10, PM2.5,
PM1.0, and PM0.1. This impactor can fractionate by size and collect
large amounts of particles since this sampler uses the inert PUF sub-
strates (without adhesions) in each stage with a backup filter (Teflon)
at the end (Bello et al., 2009). These types of samplers can collect both
PM2.5 and PM0.1 (UFPs) effectively (Pal et al., 2015). Additionally,
these samplers can be used both in indoor and outdoor environments
due to their dry vacuum pump which generates less noise, while sam-
pling a high-volume of air (900 LPM). Apart from the high-volume sam-
plers and cascade impactors, certain studies use mini volume or low
volume samplers with a flow rate of 5 LPM. These types of samplers
are used in sites with very high concentrations of particles, where a
study needs to collect particles continuously for a limited period (for
months' time) during any form of traditional activity such as a winter
heating period (Niu et al., 2017). Also, these mini volume samplers are
well suited for an indoor environment, since they produce less noise
in an office space and the sampling can be carried out without creating
undue disruption to the office environment. However, due to the low
flow rate, they tend to increase the sampling duration excessively.

Hence, for the collection of PM2.5 particles, the selection of samplers
plays a key role in managing the PM collection duration, with due con-
sideration given to noise levels and concentration levels. For instance, a
high volume samplerwill be disruptive to use in an indoor environment
to reduce the sampling time, whereas a mini volume sampler is ineffec-
tive in an outdoor environment with lower concentration levels. Thus,
an informed selection of sampler is required, which satisfies criteria
such as lower noise when used indoors and high particle collection effi-
ciencywith an adequate flow rate to collect the required amount of par-
ticles for physico-chemical and toxicological studies.

4.2. Ultrafine particles

Toxicological studies assaying UFPs could require a large amount of
particle mass, usually up to milligram (mg) quantities (Demokritou
et al., 2002). In general, UFPs for chemical characterisation and toxico-
logical studies are collected using cascade impactors, with varied flow
rates (Table 3). The samplers involving the collection of UFPs generally
operate at a flow rate of 9 to 30 LPM (Gao and Sang, 2019; Weggeberg
et al., 2019). However, there are high volume impactors such as high
volume five stages plus back-up cascade impactor (HVFCI) (Badran
et al., 2020)with a flow rate of 1100 LPM and the high-volume impactor
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sampler (HVIS) with a flow rate of 400 LPM (Sotty et al., 2019). These
high volume impactors come with varied stages and predominantly
use filter sizes of 8″ × 10″, (Badran et al., 2020; Borgie et al., 2016;
Sotty et al., 2019). However, these impactors do not use collection sub-
strates at each stage, instead, they use filters in the first stage to retain
particles with a higher diameter and a backup filter at the last stage
which collect particles of UFP sizes. The filters usedmay also vary, for in-
stance, Teflon (PTFE), quartz fibre filters (Badran et al., 2020), polycar-
bonate filters (Sotty et al., 2019) and glass-fibre filters (Borgie et al.,
2016) are used for toxicology and physicochemical characterisation
studies. The HCCI plays a prime role in UFP collection for toxicological
studies since this sampler, unlike the high-volume samplers, collects
particles at all the impaction stages (Setyawati et al., 2020; Pennanen
et al., 2007; Demokritou et al., 2002). Apart from the PUFs, the sampler
is equipped with a final back up filter (which is usually Teflon) for
collecting the particles ≤0.1 μm diameter. The HCCI is most suitable to
collect particles in all microenvironments due to its high flow rate (30
LPM), easy installation, more compact design and comparatively low
noise levels due to the dry vacuum pump. In addition, impactors such
as Micro-Orifice Uniform Deposit Impactors (MOUDI; MSP corpora-
tion), are used extensively to collect PM mass for toxicological studies
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of UFPs (Table 3). These impactors generate a sampling flow rate of 10
to 30 LPM (Wang et al., 2013) and they use both Teflon and Quartz fil-
ters according to the focus of their studies on PM (either physicochem-
ical characterisation or toxicological studies) (Shirmohammadi et al.,
2016). Further, electrical low-pressure impactors (ELPI+) are being
used to analyse the UFP size distribution and to measure/collect the
mass of UFPs. ELPI+ makes real-time measurements of the particles in
the 0.006–10 μm size range. It possesses a unipolar corona charger
and a cascade impactor, in which the particles are classified into 14
size range fractions (Kuuluvainen et al., 2016; Järvinen et al., 2014).
The ELPI+ also uses a vacuum pump and conducts particle sampling
at a flow rate of 10 LPM. This is a high-resolution instrument which re-
cords data in the frequency of 1 Hz. The ELPI+ has two collection sub-
strate types, they are (i) aluminium foils (used for gravimetric
measurements) and (ii) polycarbonate filters (used for chemical analy-
sis) (Dekati Ltd., 2011). Furthermore, personal samplers such as Sioutas
cascade impactors (SCI) are used for collecting bulk mass of particles in
five cut-sizes: 2.5 μm, 1.0 μm, 0.5 μm and 0.25 μm (Das et al., 2020).
These impactors are generally used for collecting particles to conduct
personal andoccupational exposure and associated toxicological assess-
ments (Das et al., 2020; Ramdhan et al., 2020). The above discussion
suggests that the UFPs were sampled extensively using the cascade im-
pactors mechanisms and the MOUDI impactors for many toxicological
studies. However, the MOUDI impactor possesses a limited holding ca-
pacity when collecting particles in mg or gr levels. Certain cascade im-
pactors, such as Berner low-pressure impactor (BLPI) and nano-BLPI
with flow rates 24.8 LPM and 17.2 LPM, are usually unsuitable for
collecting particles <0.32 μm. This is due to differences in impactor de-
sign (such as volumetric flow, vapour pressure etc.), particle bounce
and evaporation (Fonseca et al., 2016). However, the HCCI demon-
strated effective collection of UFP particles in both indoor and outdoor
microenvironments (Setyawati et al., 2020; Demokritou et al., 2004).
Thus, the HCCI can be favoured for collection of UFPs for use in toxico-
logical studies. The ELPI+, on the other hand, provides high-resolution
particle size distributions. However, the UFP mass collection by ELPI+
has not been reported extensively in the literature. Thus, an effective
sampling design can be made by considering the concentration levels
in the targeted microenvironment and an estimate of the equipment's
ability to collect sufficient quantities of PM within a reasonable time
duration.
4.3. Quality assurance

The quality assurance of the instruments used and the samples col-
lected (PTFE and Quartz filters are most often used for collection of
PM2.5 and UFPs) should be examined to ensure the credibility of the
sample collected. In the case of PTFE and Quartz filter samples, filters
should be weighed using standard reference methods (US-EPA, 2017)
before and after use for sampling. Field blanks can also be processed
as a base reference with an acceptance range of ±30 μg (US-EPA,
2017), in addition, travelling blanks and laboratory blanks should be
taken to evaluate any contamination of the filters during the study. Fil-
ters should be transported using petri dishes inside a cool box to pre-
vent loss of volatile substances (Lagler et al., 2011). At the same time,
the samplers should undergo a leak test and be verified for their volu-
metric flow rate in the field using traceable flowmeters, before starting
each study. Additionally, the temperature and pressure sensors should
be checked to ensure that they remain within their variation limits
(mostly ±1 K, ±10 hPa) (Lagler et al., 2011). The sampler inlets should
be cleaned before any campaign and extra cleaning is requiredwhen the
sampling is on the kerbside. Furthermore, quality assurance methods,
such as equivalence tests (US-EPA, 2017; Lagler et al., 2011) can be per-
formed by comparing the reference method samplers with candidate
methods to ensure the credibility and acceptance of the sampler results
during each study.
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5. Physio-chemical characterisation of fine and ultrafine particulate
matter

Physicochemical characterisation of PM is essential since the ele-
mental composition, ionic composition and organic matter content
will play a vital role in influencing the toxicological responses. In addi-
tion, the PM composition and hence bio reactivity will vary according
to the type of the microenvironment they are collected from.

Although initial measurements of weight, number, concentration
and size distribution of particles are carried out during sample collection
(Sections 4.1 and 4.2), the measurements are often insufficient to char-
acterise the full complexity of PM that is a mixture of various organic
and inorganic compounds, which contribute different ways to the over-
all toxicity (Park et al., 2018). The constituents exhibit a wide range of
sizes,morphologies and chemistries (bulk and surface), which are aver-
aged with bulk methods.

To fully characterise these complex environments, a combination of
complementary experimental techniques are needed. The concentra-
tion of ions, elements, and carbonaceous species (typically organic and
elemental OC and EC, respectively) in PM are measured using ion chro-
matography (IC), graphite furnace atomic absorption spectroscopy (GF-
AAS), inductively coupled plasma spectroscopy methods (ICP-OES/MS)
and an OC-EC carbon analyzer, the thermal-optical transmittance (TOT)
or thermal/optical reflectance (TOR), respectively (Liang et al., 2016; Qi
et al., 2018). Together with TOT and TOR, thermogravimetric analysis
(TGA) can be used to investigate the PM's oxidation and volatility char-
acteristics. During TGA, samples are analyzed for changes in mass as a
function of temperature, and this analysis can be performed under an
inert and/or oxidizing atmosphere (Klingshirn et al., 2019). The thermal
desorption-gas chromatography/mass spectrometry (TD-GC/MS)
method has also been developed for the analysis of the organic fraction
of PM2.5 (Ding et al., 2009). The elemental composition of PMcan also be
examined via X-ray fluorescence (XRF) (Hamdan et al., 2018) and the
identification of the crystalline phases by X-ray diffraction (XRD)
(Satsangi and Yadav, 2014). These two methods are often used on frac-
tionated samples to measure the size-dependent variations in PM.

Transmission electron microscopy (TEM) and scanning electron mi-
croscopy (SEM) coupledwith energy-dispersiveX-ray spectroscopy com-
positional analysis (EDXS) can provide spatially resolved information
about the morphology, diameter and diameter distribution, agglomera-
tion state, elemental composition and crystallinity (via electron diffrac-
tion) of PM. The advantages of these techniques are that spatially
resolved images and chemical maps can be acquired at the length scale
of individual particles tomeasure variability in the chemistry and size dis-
tribution betweenparticles andwithin individual particles in the PMmix-
ture (Liati et al., 2016). Electron energy loss spectroscopy in the
transmission electron microscope can also be used to map the valence
of metals within PM to predict their oxidative potential.

5.1. Destructive versus non-destructive

Several techniques used to characterise the physical and chemical
characteristics of PM require an amount of material for testing that
can be difficult to collect practically. Theminimal amount ofmaterial re-
quired and the information generated by a given method is often set by
the physical principles of the instrumentation (e.g. the diffraction limit)
or engineering constraints such as the detector sensitivity. Some
methods are intrinsically destructive, e.g. ICP-MS and TGA and other
theoretically non-destructive methods may cause some mass loss due
to the sample preparation required or limit further applications, e.g.
samples for TEM must be mounted on grids. Therefore, the order in
which the PM is characterised must start with the non-destructive
methods first before proceeding with destructive techniques such as
ICP-MS for bulk analysis of trace metal content. In Table 4, a subset of
commonly used characterisation techniques and required PM amounts
are listed.



Table 4
Estimated PMmass requirements for selected experimental techniques.

Technique Destructive (Yes/No) PM Approximate Detection limit Approximate PM mass for single replicate

ICP-MS
(elements)

Y Processed 1 ngmL−1 (Prudnikov and Barnes, 1998) <100 μg

IC
(ions)

Y Processed >50 ngmL−1 (Creatchman, 1999) <100 μg

TOR
(carbon analysis)

Y On filter 1 μg carbon/cm2 (Chow et al., 1993) 10 μg/cm2 Chow et al. (1993)

TGA
(volatile fractions)

Y On filter, processed N/A >2.5 mg Lapuerta et al. (2007)

TD-GC/MS (VOCs) Y Processed 50 ng (Chow et al., 2007) >1 μg Chow et al. (2007)
XRF
(elements)

N On filter, processed <10 ng mL−1 (Klockenkämper and von Bohlen, 1996) 100 μg Klockenkämper and von Bohlen (1996)

XRD
(minerals)

N On filter, processed >40 μg (Sturges and Harrison, 1989) >2 mg Sturges and Harrison (1989)

SEM
(imaging)

N On filter, processed N/A – on principle individual particles can be examined

TEM
(imaging)

N Processed N/A – individual particles can be examined

Note: ICP-MS (Inductively coupled plasma mass spectrometry); IC (Ion chromatography); TOR (Thermal/optical reflectance); TGA (Thermogravimetric analyzer); TD-GC/MS (Thermal
desorber combined with gas chromatography coupled to mass spectrometry); XRF (X-ray fluorescence); XRD (X-ray powder diffraction); SEM (Scanning electron microscope); TEM
(Transmission electron microscope).

Table 5
Summary of common techniques/assays used to evaluate the cytotoxicity of PM2.5 and
PM0.1.

Technique Cell assessment References

Light, electron or
confocal microscopy

Morphological characteristics Mukhopadhyay
et al. (2007)

Trypan blue Apoptosis
Necrosis
Morphological characteristics such as
cell membrane damage
General toxicity

Strober (2015)
Fotakis and
Timbrell (2006)
Van Meerloo
et al. (2011)
Rieger et al.
(2011)

MTT/XTT assay
LDH assay
Annexin-V-FITC
propidium iodide

OPDTT chemical assay ROS Park et al. (2018)
OPESR spectrometry
DCFDA assay
Ames test Genotoxicity

DNA damageSCGE Comet assay

Note:MTT=3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide; XTT=2,3-
Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide; LDH = Lac-
tate dehydrogenase; FITC = fluorescein isothiocyanate; OPDTT = Oxidative potential Di-
thiothreitol; OPESR = Oxidative potential Electron Spin Resonance; DCFDA = 2′,7′-
dichlorofluorescein diacetate; SCGE = Single Cell Gel Electrophoresis.
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5.2. Selection of characterisation techniques

The techniques selected for analysis depend on the mass of PM
collected and the composition and mass of each component of PM
within the mixture. For example, the low detection limit of tech-
niques such as ICP-MS, TOR and TD-GC/MS analysis makes it feasi-
ble to characterise very small amounts of trace metals or gases in
PM. It is, however, difficult to estimate the total mass needed for
each technique, as PM contains a mixture of elements. In practice,
1 cm2 punch-outs of a filter could be used for these analyses. How-
ever, these methods are destructive and provide information aver-
aged from the whole sample. On the other hand, XRF offers the
benefits of being both highly sensitive and non-destructive
(Klockenkämper and von Bohlen, 1996) but does not have the sen-
sitivity or detection limits of ICP-MS. Other non-destructive bulk
methods, such as XRD can require milligrams of PM for analysis al-
though techniques such as microXRD can overcome these stringent
requirements (Sturges and Harrison, 1989). Finally, methods such
as thermal gravimetric analysis (TGA) for measuring the pyrolysis
properties of PM and their gaseous decomposition products, e.g.
to give information about the % of organic and metals in a sample,
are both destructive and require high amounts of PM (Lapuerta
et al., 2007). In contrast to the methods described above, electron
microscopy needs very small mass, has high spatial and energy res-
olutions for chemical analysis and mapping and provides informa-
tion at the length scale of the individual particles within the
mixture (Liati et al., 2016). However, the sampling volumes are
very small, so these methods need to be correlated with bulk tech-
niques to ensure that the collected data are representative of the
whole sample collected.

5.3. Analysis of PM on, and extracted from, the filter to more accurately un-
derstand the cellular response

Some techniques such as SEM, Raman spectroscopy and XRF
(Satsangi and Yadav, 2014; Hamdan et al., 2018) can characterise PM
directly on the collection filters, so the PM is in its near-native state.
Other on-filter methods include SEM-EDX, XRF, micro-XRD, which are
used to image the size distribution, chemistry and phase of the particles.
However, in practice, the filter will also influence the PM, principally by
altering its aggregation state, so that it is no longer truly representative
of ambient PM. The use of impactors for PM collection could also change
the morphology of the PM during the high-speed collision processes.
9

Many techniques, e.g. ICP-MS requires that the PM is removed from
the collection filter, often using sonication, and is suspended in a liquid
such asmethanolmounted on a substrate such as a TEMgrid. Extraction
by sonication into organic solventswill change the properties of the PM,
i.e. the original size distribution of the sampled PM and its chemistry.
Extraction into aqueous solvents could also dissolve some of the inor-
ganic fraction due to ion redistribution. Other issues with particle ex-
traction include contamination from the filters, i.e. generation of
broken PTFE fibres during sonication, preferential extraction of certain
components of the PM (depending on the extraction medium is used),
and contamination from glassware used for the extractions which will
also alter the outcomes of cell viability assays. When the particles are
transferred to cell culturemedia, they also need to be freeze-dried by ly-
ophilization, and transferred into cell culture media which can also
change the chemistry and aggregation state of the particles, so the PM
must also be characterised in this media (Chen et al., 2013).

Depending on the separation method, filter type used and the prop-
erties of collected material, recovered amounts of PM can vary signifi-
cantly. Some constituents might be lost or retained within the filter
during separation. Gravimetric analysis of total PM2.5 mass has shown
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Fig. 2. Schematic representation of the various samplers (x-axis in all the figures) used widely to obtain (a) time required for collecting PM2.5 particle mass per minute (y-axis). (b) To
obtain 1000 μg of PM2.5 particle mass for conducting toxicological studies and the time required for collecting them (y-axis). (c) To obtain 100 μg of PM2.5 particle mass for conducting
physicochemical studies and the time required for collecting them (y-axis). The values in the y-axis are calculated using the typical concentration in each microenvironment. The x-
axis represents the various samplers used (from top) HVCI (high volume cascade impactor, 700 LPM), HVIS (high volume impactor sampler, 400 LPM), MVAS (medium volume air
sampler, 100 LPM), FPS (fine particulate sampler, 16.6 LPM), HVAS (High volume air sampler, 1050 LPM), HCCI (Harvard compact cascade impactors, 30LPM).

P. Kumar, G. Kalaiarasan, A.E. Porter et al. Science of the Total Environment 756 (2021) 143553
that extractions are around 80% efficient. However, specific PM constit-
uents like metals and organics have much lower extraction efficiencies
(on average, 47 ± 22% and 25 ± 14%, respectively) (Roper et al.,
2015). There is no perfectmethod for PM extraction, and available tech-
niques need to be adjusted for the optimal extraction of constituents of
interest.

These artefacts generated during the extraction of PM from filters
make it challenging to relate the toxicological outcomes of cell culture
experiments to the health effects of exposure to aerosolised PM direct
from the air. Another issue is that collection/extraction-induced aggre-
gation of the PM will change sedimentation and diffusion of the PM in
the cell culture media as they settle on the cells and also cellular uptake
which will alter the dose of PM delivered extracellularly and to the in-
side of the cells affecting their bioreactivity (Hinderliter et al., 2010).
Electrostatic filters have also been used to collect PM, but these also in-
duce aggregation, and there is evidence that these filters produce ozone
as a by-product due to corona discharge (Rim et al., 2013), which is
damaging to cellular health (Wiegman et al., 2014). In practice, it is
not possible to fully overcome these issues to yield PM which are fully
representative of ambient PM, but by fully characterising the PM at
each stage of collection/extraction into the in vitro system, more
10
accurate relationships can be drawn between PM properties and the
cellular response.

6. In vitro toxicity of PM2.5 and PM0.1: considerations for particle
collection

Numerous factors influence the mass of PM required for toxicologi-
cal assays. These include the number of toxicological endpoints assays,
number of cell donors (for primary cells) and cell repeats required to
produce statistically significant results (which can range typically
from n = 3 to n = 6). PM cytotoxicity and genotoxicity are correlated
with PM concentration and exposure time. These studies must be car-
ried out at increasing doses of the PM from 50 to 100 μgmL−1 up to
5mgmL−1 and different time points (e.g. from3 h up to 7 days), tomea-
sure the dose and time-dependent responses of the cells to the PM Islam
et al. (2019); Jing et al. (2019). Thus, toxicological studies can require
substantial amounts of mass (up to 10 mg) to assay the effects of the
PM on cellular health, including assays of oxidative stress, inflamma-
tion, cell death and mitochondrial activity. Another issue, discussed in
the previous section (Section 5), is that the PM has to be extracted off
the filters and dispersed into solvents such as methanol, which could

Image of Fig. 2


Table 6
Time required to collect the required amount of PM2.5 particles for toxicity and physicochemical assessments using the different types of air samplers utilized in the previous studies.

aType of microenvironment
(concentration; μgm−3)

bInstrument (Flow rate in LPM) cMass (μgmin−1)
(c) =
(b × (60/1000) × a/(60))

dTime for physicochemical
assessment (hrs)
(100 μg of mass needed)
(d)
= 100/(a × b × (60/1000))

eTime for toxicity assessment
(hrs)
(1000 μg of mass needed)
(e)
= 1000/(a × b × (60/1000))

Roadside (28 ± 20) Harvard impactors. (30 LPM) 0.7 2.5 25.5
High-Volume air samplers (Thermo Fisher
Scientific, Waltham, MA, USA). (1050 LPM)

22.9 0.07 0.8

Fine particulate sampler (APM-550,
Envirotech). (16.6 LPM)

0.4 4.7 46

Medium-volume air sampler (AMAE Co., Ltd.,
Shenzhen, China). (100 LPM)

2.2 0.8 7.7

High-volume impactor Sampler (HVIS). (400
LPM)

8.7 0.2 2

High volume cascade impactor (Staplex TFIA-2).
(700 LPM)

15.3 0.1 1.1

Parks (16 ± 4) Harvard impactors. (30 LPM) 0.5 3.7 36.7
High-Volume air samplers (Thermo Fisher
Scientific, Waltham, MA, USA). (1050 LPM)

15.9 0.1 1.0

Fine particulate sampler (APM-550,
Envirotech). (16.6 LPM)

0.3 6.6 66.4

Medium-volume air sampler (AMAE Co., Ltd.,
Shenzhen, China). (100 LPM)

1.5 1.1 11.0

High-volume impactor Sampler (HVIS). (400
LPM)

6.0 0.3 2.8

High volume cascade impactor (Staplex TFIA-2).
(700 LPM)

10.6 0.2 1.6

Indoors (18 ± 7) Harvard impactors. (30 LPM) 0.5 3.1 30.7
High-Volume air samplers (Thermo Fisher
Scientific, Waltham, MA, USA). (1050 LPM)

19.0 0.1 0.9

Fine particulate sampler (APM-550,
Envirotech). (16.6 LPM)

0.3 5.5 55.4

Medium-volume air sampler (AMAE Co., Ltd.,
Shenzhen, China). (100 LPM)

1.8 0.9 9.2

High-volume impactor Sampler (HVIS). (400
LPM)

7.2 0.2 2.3

High volume cascade impactor (Staplex TFIA-2).
(700 LPM)

12.7 0.1 1.3

Traffic Intersections
(33 ± 5)

Harvard impactors. (30 LPM) 0.5 3.3 33.1
High-Volume air samplers (Thermo Fisher
Scientific, Waltham, MA, USA). (1050 LPM)

17.6 0.1 0.9

Fine particulate sampler (APM-550,
Envirotech). (16.6 LPM)

0.3 5.9 59.7

Medium-volume air sampler (AMAE Co., Ltd.,
Shenzhen, China). (100 LPM)

1.7 0.9 9.9

High-volume impactor Sampler (HVIS). (400
LPM)

6.7 0.3 2.4

High volume cascade impactor (Staplex TFIA-2).
(700 LPM)

11.7 0.1 1.4

Green infrastructure roadside
(behind vegetation) (18 ± 17)

Harvard impactors. (30 LPM) 0.2 6.9 69.8
High-Volume air samplers (Thermo Fisher
Scientific, Waltham, MA, USA). (1050 LPM)

8.3 0.2 2

Fine particulate sampler (APM-550,
Envirotech). (16.6 LPM)

0.1 12.6 126.1

Medium-volume air sampler (AMAE Co., Ltd.,
Shenzhen, China). (100 LPM)

0.8 2.1 20.9

High-volume impactor Sampler (HVIS). (400
LPM)

3.1 0.5 5.2

High volume cascade impactor (Staplex TFIA-2).
(700 LPM)

5.6 0.3 3.0

a The typical concentration values from different microenvironments and their respective;
b Instrument flow rates used to calculate the required;
c μg of samples collected min−1, 100 μg and 1000 μg for dphysicochemical and etoxicological assessments are obtained from Table S1.
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alter their physico-chemistry. Although alternative solvent-free
methods, such as electrostatic collectors can be used to overcome this
issue (Ning et al., 2008; Sillanpää et al., 2008). The identification of
cellular modifications caused by PM is essential to understand its harm-
ful effects and related respiratory and cardiovascular diseases. In this
section, we describe and list the assays and techniques used to evaluate
the toxicity of PM2.5 and PM0.1 to illustrate how the selection of
toxicological endpoints being assayed determine the mass of PM
needed.
11
Table 5 describes the different techniques that have been used to as-
sess the cellular toxicity of PM2.5 and PM0.1 andmechanisms of cytotox-
icity. Different assays can measure a number of endpoints including
nuclear damage with DNA breaks, chromatin de-condensation, and or-
ganelle damage such as lysosome, endoplasmic reticulum and mito-
chondrial damage, leading cell to apoptosis and death. The ability of
PM to generate reactive oxygen species (ROS) can be estimated using
Dithiothreitol (DTT) chemical assay (OP_DTT) and Electron Spin Reso-
nance Spectrometry (OP_ESR). Genotoxicity and nuclear damage
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caused by PM can be measured using the Ames test and the Single Cell
Gel Electrophoresis (SCGE) COMET assay (Park et al., 2018). In-depth
mechanistic studies of which cell signalling pathways are affected by
exposure to PM can be assayed using techniques such as polymerase
chain reaction (PCR). Light histology, confocal and electron micros-
copies visually distinguish features of cellular damage, such as mem-
brane blebbing and nuclear fragmentation. Confocal microscopy can
be used to screen for mechanisms of cell damage such as oxidative
stress and reactive oxygen species (ROS) generation inside fixed or
Table 7
The time required to collect the required amount of UFP particles for toxicity and physicochem

aType of microenvironment
(concentration; μgm−3)

bInstrument (Flow rate in LPM) cMa
(c)
(b

Roadside
(3.2 ± 2.2)

Sioutas cascade impactor (9 LPM) 0.1
High volume five stages plus back-up cascade
impactor
(Tisch, USA) (1100 LPM)

3.6

Micro-orifice uniform deposit impactor (MOUDI;
MSP Inc., Minneapolis, MN, USA) (30 LPM)

0.1

High-volume impactor sampler (HVIS) (400 LPM) 1.3
Dekati gravimetric impactor (DGI, DGI-1570, Dekati
Ltd.) (70 LPM)

0.2

High volume cascade impactor (Staplex TFIA-2)
(700 LPM)

2.2

High-volume ultrafine particle (HVUP) sampler (400
LPM)

1.3

Parks
(1.6 ± 0.9)

Sioutas cascade impactor (9 LPM) 0.1
High volume five stages plus back-up cascade
impactor (Tisch, USA) (1100LPM)

1.8

Micro-orifice uniform deposit impactor (MOUD;
MSP Inc., Minneapolis, MN, USIA) (30 LPM)

0.1

High-volume impactor sampler (HVIS) (400 LPM) 0.6
Dekati gravimetric impactor (DGI, DGI-1570, Dekati
Ltd.) (70 LPM)

0.1

High volume cascade impactor (Staplex TFIA-2) 1.1
High-volume ultrafine particle (HVUP) sampler (400
LPM)

0.6

Indoors
(4.1 ± 3.5)

Sioutas cascade impactor (9 LPM) 0.1
High volume five stages plus back-up cascade
impactor (Tisch, USA) (1100LPM)

4.6

Micro-orifice uniform deposit impactor (MOUDI;
MSP Inc., Minneapolis, MN, USA) (30 LPM)

0.1

High-volume impactor sampler (HVIS) (400 LPM) 1.6
Dekati gravimetric impactor (DGI, DGI-1570, Dekati
Ltd.) (70 LPM)

0.3

High volume cascade impactor (Staplex TFIA-2) 2.9
High-volume
ultrafine particle (HVUP) sampler (400 LPM)

1.6

Traffic intersections
(5.6 ± 4.1)

Sioutas cascade impactor (9 LPM) 0.1
High volume five stages plus back-up cascade
impactor (Tisch, USA) (1100LPM)

6.3

Micro-orifice uniform deposit impactor (MOUDI;
MSP Inc., Minneapolis, MN, USA) (30 LPM)

0.2

High-volume impactor sampler (HVIS) (400 LPM) 0.2
Dekati gravimetric impactor (DGI, DGI-1570, Dekati
Ltd.) (70 LPM)

0.4

High volume cascade impactor (Staplex TFIA-2) 3.9
High-volume
ultrafine particle (HVUP) sampler (400 LPM)

0.2

Green infrastructure roadside
(behind vegetation)

(1.0 ± 0.4)

Sioutas cascade impactor (9 LPM) 0.1
High volume five stages plus back-up cascade
impactor (Tisch, USA) (1100LPM)

1.1

Micro-orifice uniform deposit impactor (MOUDI;
MSP Inc., Minneapolis, MN, USA) (30 LPM)

0.1

High-volume impactor sampler (HVIS) (400 LPM) 0.4
Dekati gravimetric impactor (DGI, DGI-1570, Dekati
Ltd.) (70 LPM)

0.1

High volume cascade impactor (Staplex TFIA-2) 0.7
High-volume ultrafine particle (HVUP) sampler (400
LPM)

0.4
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live cells following exposure to PM. For example, fluorescent dyes
such as Annexin-V-FITC and propidium iodide indicate cell death by ap-
optosis or necrosis (Peixoto et al., 2017) and cellular probes CellROX are
activated in the presence of ROS to assess the formation of free radicals
and Mitosox, to assess mitochondrial ROS. High-resolution chemical
electron microscopy and super-resolution microscopy techniques can
also identify which PM sizes and chemistries are internalised, the loca-
tion and chemistry of the PM2.5 and PM0.1 inside the cells and subcellu-
lar effects after exposure to PM. These complementary approaches
ical assessments using the different types of air samplers utilized in the previous studies.

ss (μgmin−1)
=
× (60/1000) × a/(60))

dTime for physicochemical
assessment (hrs)
(100 μg of mass needed)
(d)
= 100/(a × b × (60/1000))

eTime for toxicity assessment
(hrs)
(1000 μg of mass needed)
(e)
= 1000/(a × b × (60/1000))

57.8 578.7
0.5 4.7

17.4 173.6

1.3 13.0
7.4 74.4

0.7 7.4

1.3 13.0

115.7 1157.4
0.9 9.5

34.7 347.2

2.6 26.0
14.9 148.8

1.5 14.9
2.6 26.0

45.2 451.7
0.4 3.7

13.5 135.5

1.02 10.1
5.8 58.0

0.6 5.8
1.0 10.2

33.0 330.7
0.3 2.7

9.9 99.2

0.7 7.4
4.2 42.5

0.4 4.2
0.7 7.4

185.2 1851.8
1.5 15.1

55.5 555.5

4.1 41.6
23.8 238.1

2.4 23.8
4.2 41.6
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improve understanding of the mechanisms, time-scales of PM-
mediated potential toxicity and could identify which PM sizes and
chemistries are most damaging.

7. Optimisation in particle collection

The knowledge of the average concentrations of the particles in the
different microenvironments (Section 4) can enable the researchers to
plan the sampling duration to collect the required amount of particle
mass (Section 5) and their subsequent toxicological assessments
(Section 6). These studies involving particle mass collection for toxicity
and physico-chemical characterisation assessments demonstrate that
the particles collection rate highly depends on the instrument's flow
rate, site morphologies and the prevailing atmospheric conditions. The
following section discusses,firstly, thenecessaryways to collect the par-
ticles effectively. Secondly, it provides specific recommendations to in-
crease the likelihood of obtaining the required quantities of particles.

7.1. Fine particles

The toxicological studies of PM2.5 discussed in the previous sections
reveal that these studies require particles in mg quantities. In general,
the PM2.5 particles were collected mainly using instruments with a me-
dium volume flow rate of 16.7 LPM (Table 2). However, some studies
use instruments with a high volume flow rate ranging from 100 to
400 LPM (Table 2). The average concentrations extracted from the pre-
vious literature can be combined with the instrument flow rate to plan
the field campaign.

Furthermore, the maximum sample mass which can be collected on
a single filter paper (be it PTFE or glass fibre or quartz or polycarbonate)
should also be calculated; this data can work as a guide in changing the
filter paper effectively, especially for continuous outdoor measure-
ments. However, preliminary monitoring on the particle mass concen-
tration has to be carried out (using optical instruments) as this helps
in planning the duration to change the collecting medium (filter
paper) which is highly dependent on the concentration in respective
microenvironments.

The toxicological assessments are carried out in different doses such
as 5, 10, 20, 50, 100 and 200 μgmL−1 (Islam et al., 2019) for estimating
the exposure to different compounds and also formultiple experiments.
These dosage proportions may vary according to the interest of the re-
searcher and their objectives. However, commonly the dosage levels
start from 1 to 5 μgmL−1 and extend up to 200 to 300 μgmL−1. Hence,
as noted above, there is a need to obtain particle mass in mg quantities
for these assessments. Therefore, by considering the dosage levelsmen-
tioned in a wide variety of literature, it is evident that an average of
1000 μg (or 1 mg) of particle mass is at least required for conducting a
toxicological study. The time required for collecting the mentioned
1000 and 100 μg for each microenvironment has been calculated
using the typical concentrations obtained (Fig. 2) from various sources
and have been tabulated in Table 6.

The schematic representation of the time taken by various samplers
(Fig. 2) demonstrates that the samplers with a high flow rate ranging
from 400 to 1050 LPM require the least time to collect the targeted
PM2.5 particle mass. In contrast, the fine particulate sampler (16.6
LPM) and Harvard impactors (30 LPM) require longer to collect the
targeted mass. This is because the samplers with higher flow rate pos-
sess a larger pump capacity resulting in reduced sampling duration.
However, these samplers with larger pump capacity are not suited for
all types of microenvironments. For instance, samplers with larger
pumps are usually not suitable for an indoor environment due to factors
such as increased noise levels (noise pollution) creating an unpleasant
ambience, vibrations on the floor, potential deterioration of air quality
(if oil pumps are used), usage of space, and difficulty in transportation,
etc. However, these factors need not be considered when high volume
samplers are used in a roadside or traffic intersections
13
microenvironment (generally outdoors). The fine particulate samplers
and Harvard impactors possessing a lower flow rate compared with
high volume samplers are much better suited for indoor conditions, es-
pecially the Harvard impactors since these impactors weremounted on
a tripod and possess a higher pump capacity with less noise compared
to fine particulate samplers. Also, the Harvard impactors collect a signif-
icant amount of particle mass when used outdoors (traffic intersections
or roadside). However, the high-volume samplers will collect more
mass, compared to these samplers.

7.2. Ultrafine particles

The mass concentrations of UFPs are significantly low when com-
pared with PM2.5. However, the mass of UFPs is collected using
methodologies similar to PM2.5 mass collection. The UFPs are generally
collected using impaction sampling techniques coupled with high vol-
ume samplers ranging from 400 to 1100 LPM. However, samplers
with flow rates ranging from 9 to 70 LPM are used, butmostly in indoor
environments. The sampling time will generally be higher for UFPs due
to their lower concentration, andhigh-volume samplers are usually pre-
ferred to reduce the sampling duration while collecting the required
amount of particle mass. In general, the toxicological assessments re-
quire samples of large quantities (in mg), for multiple experimental in-
vestigations to study their exposure efficiently. Similarly, the physico-
chemical characterisation of UFPs requires an average of at least
100 μg of particlemass for estimating elements, ions and carbon content
present. Therefore, it can be said that an average of at least 1000 μg and
100 μg of particle mass will be required to conduct toxicological and
physicochemical assessments, respectively. This particle mass quantity
might increase or decrease according to the research requirements
and study objectives.

The particle mass collection can be optimised by first calculating the
sampling time required to collect the required particlemass. This can be
calculated by conducting preliminary measurements using handheld
optical instruments showing the mass concentrations of the UFPs.
These mass concentrations can be used in calculating the sampling
time for each of the commonly used samplers (Table 3). The obtained
sampling time (Table 7) will provide an insight into the sampling dura-
tion for collecting the required mass of particles.

The schematic representation (Fig. 3) of the sampling time required
by each sampler shows that SCI with a low flow rate of 9 LPM (Das et al.,
2020; Ramdhan et al., 2020) requires a significantly longer sampling
time than the HVFCI with its high flow rate of 1100 LPM (Badran
et al., 2020). Both of these instruments employ a similar sampling tech-
nique but have a significant difference in air flow rate. The SCI is per-
sonal sampling equipment while the HVFCI is high-volume
equipment, and they have their own merits and demerits in operation
and handling. Likewise, the Harvard impactor with a flow rate of 30
LPM exhibits higher collection efficiency on PTFE filters and can effi-
ciently collect the mass of UFPs. Hence, a sampler should be selected
with a considerable flow rate aswell as being suitable for all types ofmi-
croenvironments for obtaining the particle mass in a shorter duration
of time.

7.3. Particle mass collection with viruses

Microorganisms such as bacteria, fungi and viruses associated with
atmospheric PM are referred to as bioaerosols (Chen et al., 2020), and
they are transported in the air by means of dust or droplet transmission
(Rahmani et al., 2020; Pan et al., 2019; Patterson et al., 2017). These
bioaerosols can originate from human activities such as coughing or
sneezing (Asadi et al., 2020; Dhand and Li, 2020; Jones et al., 2020;
Lotfi et al., 2020), singing (Gregson et al., 2020; Hamner et al., 2020),
talking or breathing (Asadi et al., 2019; Yan et al., 2018) or by specific
mechanical processes (Sopeyin et al., 2020; Schünemann et al., 2020;
Verreault et al., 2008). Airborne transmission of infectious bioaerosols
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Fig. 3. Schematic representation of the various samplers (y-axis in all thefigures) usedwidely to obtain (a) time required for collecting UFP particlemass perminute (y-axis); (b) to obtain
1000 μg of UFP particle mass for conducting toxicological studies and the time required for collecting them (y-axis). (c) To obtain 100 μg of UFP particle mass for conducting
physicochemical studies and the time required for collecting them (y-axis). The values in the y-axis are calculated using the typical concentration in each microenvironment. The x-
axis represents the various samplers used for particle mass collection (from top) HVUPS (high volume ultrafine particle sampler, 400 LPM), HVCI (high volume cascade impactor, 700
LPM), DGI (Dekati gravimetric impactor, 70 LPM), HVIS (high volume impactor sampler, 400 LPM), MOUDI (micro-orifice uniform deposit impactor, 30 LPM), HVFCI (high volume five
stages plus backup cascade impactor, 1100LPM), SCI (Sioutas cascade impactor, 9 LPM).
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comprising viruses, bacteria or fungi (de Sousa et al., 2020) can increase
appreciably in enclosed environments that have a high density of peo-
ple and limited ventilation (Kumar and Morawska, 2019). The airborne
respiratory pathogen can pose serious health risks when transported
through air from one place to another (Pan et al., 2019; Tang, 2009)
such as in hospitals from patients exhaling infectious airborne patho-
gens (Chow and Mermel, 2017) or in restaurants (Kim and Lee, 2020;
Li et al., 2020). The infection and spread of these airborne pathogens
will be rapid in spaces with enclosed settings (combined with crowd)
such as refugee camps, homeless shelters, slums and prisons. For exam-
ple, WHO reported that the spread and infection of M. tuberculosis was
found to be significantly higher in these similar settings (WHO, 2009).
The recent coronavirus pandemic (or SARS-CoV-2 virus) is a severe con-
cern. The infection risk of such outbreaks can be partly controlled by
measures such as increased hand hygiene, indoor ventilation and
disinfecting surfaces and ‘cleansing’ indoor air (Rahmani et al., 2020;
Morawska et al., 2020). Coronaviruses are a group of related RNA vi-
ruses with large genomes which came to notice as causative agents of
severe acute respiratory syndrome (SARS) in 2003. These respiratory vi-
ruses can be spread through respiratory droplets as seen with flu
viruses (Drosten et al., 2003). Unlike othermicroorganisms such as bac-
teria, viruses cannot be collected on a general sampling media, since
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they have DNA or RNA genomes encased in a fatty liquid membrane
and require a host cell in order to reproduce and cause infection
(Asadi et al., 2019). The sampling of airborne viruses in a suitable sam-
pling media still poses a challenge for effective sampling. Hence, in the
subsequent text, we review the current methods and the samplers
available (Table 8) for sampling viruses, especially SARS-CoV-2 (given
the importance of the ongoing pandemic) and to recommend an appro-
priate sampler to be utilized for effective collection of viruses.

Airborne PM and airborne viruses are collected by similarmethodol-
ogies. However, the fundamental difference in particle collection for air-
borne viruses is the collection medium. It has been demonstrated that
airborne viruses can be collected efficiently in a liquid collection me-
dium such as agars (which can be used for culturing the airborne vi-
ruses), mineral oil (used in liquid impingers) and centrifugal tubes (by
suspending a suitable liquid medium) (Pan et al., 2019). These types
of collection medium (liquid and agar) are used for sampling airborne
viruses, due to efficient and easy recovery of the samples, and for pro-
cessing the aliquots of collected samples for virus detection and isola-
tion. Whereas the virus extraction from the filtration process using
respective filters (when used in a similar way as used in airborne PM
sampling)will dehydrate viruses (Verreault et al., 2008) anddeteriorate
their infectivity.

Image of Fig. 3


Table 8
List of samplers used for collecting airborne pathogens (viruses, bacteria and fungi) and their detection limit by previous studies.

Type of sampler used Type of airborne virus Collection medium Detection technique Reference

Coriolis μ air sampler SARS-CoV-2 (COVID-19) 5 mL conical vials with collection medium (DMEM) PCR Positive
Culture negative

Zhou et al. (2020a, 2020b)

NIOSH BC 251 bioaerosol samplers
(3.5 LPM)

SARS-CoV-2 (COVID-19) Centrifugal tubes and 0.3 μm PTFE Filters PCR Positive
Culture negative

Chia et al. (2020)

High-resolution slit sampler system
(30 LPM)

SARS coronavirus Liquid layer with viral culture medium PCR Positive
Culture negative

Booth et al. (2005)

Andersen cascade impactors
(28.3 LPM)

Swine viruses Culture medium (Agar) PCR Positive Alonso et al. (2015)

Note: the presence of SARS-CoV-2 in the air is possibly highest in thefirstweek of illness (Chia et al., 2020). Hence, it is suggested to collect particles, for example, in a hospital environment
near patients during the first week of illness.
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The sample handling is also found to be different for airborne PM
and pathogens (viruses, bacteria, fungi and other microbes). The PM
samples collected in filters need to be desiccated, whereas the samples
containing viruses should not be desiccated, since the samples might
dehydrate and cause inactivation of the viruses (Lindsley et al., 2010;
Fabian et al., 2009). Additionally, the samples collected for airborne vi-
ruses should be taken for further analysis (such as polymerase chain re-
action (PCR) for the detection or any other analytical methods) in a
short duration of time, compared to PM samples which can be stored
for a longer period.

The airborne viruses are sampled using similar kinds of sampling
techniques that are used for airborne PMs, but with somemodifications
on certain factors such as collection medium, flow rates and sampling
duration. The different types of sampling techniques used for collecting
airborne viruses (Fig. S1) fall under the following categories, such as
(i) Solid impactors (cyclone samplers); (ii) Liquid impingers (All Gas
Impingers, AGIs, and AGI-like samplers); (iii) Filters; (iv) Electrostatic
precipitators; (v) Water-based condensation samplers; and (vi) Other
samplers (Pan et al., 2019; Verreault et al., 2008).

Among these sampling techniques, impactors, filters, impingers and
cyclone samplers, aid in collecting airborne viruses effectively (Haig
et al., 2016; Reponen et al., 2011). The impactor sampling technique
uses Andersen samplers,whichworks on the principle of inertial impac-
tion and traps particles of specific cut off diameter from 0.65 to 7 μm
(Tseng and Li, 2006), with air passing through the six stages of impactor
at a flow rate of 28.3 LPM on to a petri dish consisting of liquid agarme-
dium (White et al., 2020). The slit samplers draw particles through nar-
rowholes or slits onto a petri dishwhichholds a culturemedium(Booth
et al., 2005). In the case of sampling by liquid impactors, all-glass
impinger (AGI) samplers are used, where the sampler draws the air
stream inside the liquid collection medium through diffusion
(Hermann et al., 2006).

The filter sampling mechanisms are used widely when the particle
sizes of airborne viruses are <500 nm. Filters used include PTFE, gelatin,
glass fibre filters and cellulose filters. However, the filtering processes
cause structural damage to the virus andmight dehydrate the virus sig-
nificantly (Verreault et al., 2008). Among these filters, gelatin is highly
efficient in collecting airborne viruses without affecting the viability of
viruses significantly (Zhao et al., 2014). However, gelatin filters are rel-
ative humidity (RH) dependent; they desiccate the viruses when used
in low RH and get dissolved when used in high RH conditions
(Verreault et al., 2008).

Cyclone sampling techniques have been used in Coriolis μ air sam-
pler (Bertin instruments) and NIOSH BC 251 bioaerosol samplers.
These samplers exert centrifugal forces on particles, causing them to de-
viate from the airflow and get impacted on the collection wall and so
these samplers are not highly efficient, especially for particles with
100 nm (most free virus particles fall under this particle size) (Cooper
and Alley, 2010). However, improvements have been made to these
conventional cyclone samplers to increase their efficiency. For instance,
a sampler developed by the National Institute for Occupational Safety
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and Health (NIOSH) possesses a multi-stage cyclone operation,
whereby the liquidmediumdischarges and collects the particles against
the cyclone walls (Kenny et al., 2017; Alonso et al., 2015). Likewise, the
Coriolis μ air sampler provides efficient particle collection in a short du-
ration of time (10 min although the airborne viruses obtained depends
on their concentration in air) due to its high flow rate (from 100 to 300
LPM) and the airborne viruses are collected directly onto a collection
medium such as Dulbecco's minimal essential medium (DMEM),
which is particularly suitable for genetic analyses such as PCR, since
the collected samples can directly be introduced with nucleic acid ex-
traction kits (which is the preliminary step in PCR analysis). Currently,
this type of sampler is being used by Centres for Disease Control and
Prevention (CDC) of Shenzhen and Guangzhou, China as well as in
Europe to collect coronavirus SARS-CoV-2 and evaluate the risk of aero-
sol contamination in hot spots of the cities (Zhou et al., 2020a, 2020b).
On the other hand, bio-samplers such as the MD8 airscan sampling de-
vice have been used for sampling viruses such as theMERS-coronavirus
(MERS-CoV) inside hospitals (Kim et al., 2016). These samplers work on
a filtration principle; by drawing air through gelatin filters of diameter
80 mm and 3 μm pore diameter. The virus collection efficiency is
found to be higher for RNA viruses (Zhao et al., 2014). However, these
samplers use gelatin filterswhich, as described earlier, are highly RH de-
pendent; when exposed to higher HR it dissolves the sample but
dessicates the sample when exposed to lower RH (Verreault et al.,
2008). Thus, at higher RH, the gelatin dissolves the sample and at
lower RH it desiccates the sample. Further information on a wide
array of biosamplers for the sampling and detection of viruses, espe-
cially coronaviruses, can be found elsewhere (Rahmani et al., 2020;
Pan et al., 2019; Verreault et al., 2008). Among all the mentioned sam-
pling techniques, it is found that the airborne viruses collected through
cyclone separators and impactor type of sampling techniques are viable
in collecting particles for virus detection with an efficiency of 39% for
Coriolis μ air sampler (in a short duration of time, such as 10 min)
(Zhou et al., 2020a, 2020b), 67% for NIOSH BC251 samplers (Chia
et al., 2020), 20% in high-resolution slit samplers (Booth et al., 2005)
and 40% detection in Andersen cascade impactors (Table 6). Hence, it
is evident that the cyclone separator sampling technique is found to
be highly efficient for collected airborne viruses. For instance, the recent
pandemic SARS-CoV-2 airborne viruses (1–4 μm) have been detected
with a higher efficiency (Chia et al., 2020) using cyclone sampling tech-
niques incorporated in Coriolis μ air sampler and NIOSH BC 251
bioaerosol samplers. Therefore, the samplers using cyclone (using cen-
trifugal forces) sampling mechanisms (Coriolis μ air sampler and
NIOSH BC 251 bioaerosol sampler) can be used for effective virus detec-
tion and recovery for genetic analyses such as PCR.

Airborne virus collection largely depends on the efficiency of viral
recovery compared to airborne PM collection, where the capture effi-
ciency is found to be vital (Verreault et al., 2008). Other factors include
RH, temperature, light, irradiation, suspension medium and collection
medium (Pan et al., 2019). Additionally, virus morphology, virus type
and characteristics such as a hydrophilic or hydrophobic nature should
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also be considered when carrying out sampling for airborne viruses
(Tseng and Li, 2006). Among these, RH is the most common factor
which is studied for biological collection efficiency, since it plays a sig-
nificant part in virus collection. For instance, non-lipid enveloped vi-
ruses become unstable below 70% RH, whereas lipid enveloped
viruses become unstable above 70% (Tellier, 2006).

Similarly, in samplers using filtration, RH plays an important role,
since the desiccation poses a problem for viruses collected on filters
(Lindsley et al., 2010; Fabian et al., 2009). Hence, RH should be main-
tained at an optimum rate of around 30–70% (Verreault et al., 2008). In
addition, temperature and the choice of collectionmedium are important
factors which should be considered for the successful collection of effec-
tive airborne viruses. These will affect the efficiency of the biological col-
lection of airborne viruses during the sampling process. The virus's
infectivity and detection are highly dependent on RH, and viruses such
as SARS-CoV, human coronavirus 229E (predecessors of the latest SARS-
CoV-2) remains infectious in a moderate RH (around 30–70%) environ-
ment (Warnes et al., 2015; Casanova et al., 2010; Verreault et al., 2008).

Airborne pathogen (especially viruses) collection is found to be effi-
cientwhen a liquidmedium is usedwith a high flow rate of air (ranging
from 100 to 300 LPM). A collection medium using filters is unfeasible
because of filter desiccation (in case of PTFE, polycarbonate and glass
fibre filters) whereby the microorganisms get dehydrated during this
process and cause a greater loss in recovering the viruses. Gelatin filters
are, however, efficient in collecting these viruses provided themeasure-
ments are taken in an RH controlled (which is mostly indoors) environ-
ment. The impaction and impinger sampling technique is found to be
less efficient compared to the cyclone sampling technique (using cen-
trifugal forces), where the airborne particles are collected on the sides
of the centrifugal tube with the collection medium inside. These types
of samplers operate at a high flow rate and the collection medium
used inmost of these samplers can be readily used for further gene anal-
ysis processes such as PCR for virus detection. Hence, the samplers with
cyclone sampling techniques (Coriolis μ air sampler and NIOSH BC 251
samplers) using centrifugal forces are effective in collecting airborne vi-
ruses in any kind of environment (both indoors and outdoors).

7.4. Optimisation of particle mass sampling via modelling

The strategy of particlemass sampling can be optimised by predicting
the air pollution concentrations by predictive models, which can enable
to identify the pollution hotspots (placeswith increased pollution levels).
These hotspots can be used as suitable sampling locations since there is a
higher probability to obtain large amounts of particles in a significant
time frame. These predictive models use different forms of mathematical
modelling techniques such as artificial neural networks (ANN) (Maleki
et al., 2019), adaptive-network fuzzy inference systems (ANFIS) (Prasad
et al., 2016), statistical models (Lei et al., 2019) and Data Assimilation
(DA) techniques (Arcucci et al., 2019a; Arcucci et al., 2017).

The statistical models are limited to utilize the standard classifica-
tion or existing regressionmodels (Zhuet al., 2018) and possess difficul-
ties in modelling complex non-linear relationships (Prasad et al., 2016).
On the other hand, self-learning modelling techniques such as ANN
(Kurt and Oktay, 2010; Nagendra and Khare, 2005) and ANFIS (Prasad
et al., 2016) are found to increase accuracy in forecasting compared to
statistical models. Apart from these techniques, there exist several
new modelling techniques being invented by the machine learning
communities to refine the modelling to focus specifically on a defined
problem. These ML techniques, when coupled with DA, are found to in-
crease the accuracy and sensitivity of the model outcomes (Arcucci
et al., 2017). For example, if incompressible Navier-Stokes equations
are being used to describe a turbulent flow of particles, where the con-
centration of the particle mass is seen as a passive scalar (Song et al.,
2018). These techniques will implement mutual information methods
which measure the effect of selected data or selected placement on a
posterior uncertainty of a Gaussian Process. The output simulations of
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ML techniques (coupled with DA) can be used to train Artificial Intelli-
gence (AI) technologies, which in turn will increase the accuracy of
the wind flow patterns and determine the emission strategies in the re-
spective microenvironments. It will facilitate the model to predict the
pollution levels precisely and identify the potential hotspots, thus
exhibiting the optimal locations for effective particle collection. Hence,
when ML trains a function, the optimal locations of pollution levels
can be computed with minimised effort, which can subsequently
allow identifying the areas of high pollution level (Arcucci et al.,
2019b). The effectiveness of these techniques has been mathematically
proven and tested for some test cases (e.g. outdoor measurements of
CO2). For instance, Dur et al. (2020) developed a modified version of
the algorithm from Krause et al. (2008) and Arcucci et al. (2019b)
using a Computational Fluid Dynamic (CFD) simulation of outdoor air
pollution propagation in a vast domain in London, UK (Song et al.,
2018). The number of nodes (which defines the sampling area) in the
mesh used in this case is 767,559. The domain has been decomposed
into 32 subdomains with an average of 24,000 starting locations per
subdomain. Two optimal locations are identified to be the potential lo-
cations for optimal sensor placement at this site (Dur et al., 2020).
Thus, a similar strategy could be applied for PM mass sampler
placements.

In terms of accuracy computed as amean squared error with respect
to a control variable, this approach shows a reduction of the error which
goes from 8.90 × 10−1 for locations randomly chosen to 3.35 × 10−02

for the optimal locations. A similar approach has been implemented in
Tajnafoi et al. (2020) where an ML model is trained using data from a
CFD simulation of air pollution in a room within the Clarence Centre
building located in Elephant and Castle in London, UK. The simulated
training dataset consists of 10,000 grid points, which represent poten-
tial instrument locations distributed in a 3D space. The number of se-
lected locations, in this case, is 7. In terms of accuracy, this approach
showed a reduction of the error, which goes from 1.70 × 10−1 for the
seven random locations to 5.00× 10−4 for the optimal locations. The ac-
curacy of amodelling technique is vital since it provides an estimation of
the misfit between the measures collected from the selected location
and the estimates provided by a forecastingmodel. Reductions of the er-
rors are mandatory for effective prediction.

In the last decade, these methods have been accepted as powerful
tools in forecasting the outcomes. However, these DAmethods quantify
certain uncertainties, and these can be custom-developed to minimise
the discrepancy between numerical results and observations, where
forecast and observations are assumed as the sources of information
having errors that will be described by error covariance matrices
(Arcucci et al., 2019a). A Variational DA (VarDA) model by Arcucci
et al. (2019a) demonstrated that this model could reduce the error in
the forecasting model and adapted to decrease the error at simulating
the location of the sensor and the rest of the domain. Hence, the DA
models used for the sensor placement can be adapted to estimate the
hotspots for particle mass collection by customising the data assimila-
tions to reduce the errors in estimating those hotspots. In the case of
particle mass collection, the number of placement could be reduced to
a few locations. These technologies provide a list of the coordinates of
the best locations in decreasing order with respect to the impact they
have in terms of mutual information. In case the possible location is
only one, the best location to consider is the first in the list provided
by the technologies. At the moment, these approaches have not been
used for selecting optimal sites for mass collections. However, these
technologies are general and can be used if a predictive model can be
implemented to simulate the particle mass dispersion.

The modelling techniques and overall approach described above
have not been used for the purpose of an effective mass collection yet.
This is primarily due to the lack of access to model results that require
specific expertise, resources and knowledge base. However, it can be a
novel approach for selecting effective locations to collect particle mass
on filters when relevant information is available.
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8. Summary, conclusions and future work

This article focused on themethodologies involved in PM2.5 and UFP
mass collection to study their physicochemical characterisation and
toxicological effects. We provided a critical analysis of on (i) the typical
concentrations of PM2.5 and UFP mass in different urban microenviron-
ments; (ii) the different types of samplers andwhich sampler will serve
as a viable option dependingon themicroenvironment; (iii) the average
sampling time for PM2.5 and UFP particle mass in each microenviron-
ment according to the sampler and typical concentrations; (iv)
physico-chemical characterisation techniques for PM2.5 and UFPs
(both destructive and non-destructive) and the types of analytical tech-
niques and instruments used; (v) various toxicological analysis
methods of PM2.5 and UFPs and the instruments used; (vi) particle
mass collection optimization for PM2.5 and UFPs; (vii) airborne virus
sampling and evaluating the efficient sampling technique with efficient
recovery of pathogens; and (viii) role of predictivemodelling to identify
the hotspots for efficient particle collection in a reduced sampling
duration.

The key conclusions drawn from this study are as follows:

• Over the last two decades, it has become increasingly necessary to
perform toxicological assessments of PM2.5 and UFP particles. Air-
borne PM exposure to these two size fractions has been demonstrated
to significantly correlate with the occurrence of adverse cellular ef-
fects, cardiovascular and chronic respiratory diseases. The toxicity of
PM is generally higher in small size fractions (such as PM2.5 and
UFPs), and a strong association exists between the physico-chemical
characterisation and their toxicity effects. These studies require a rel-
atively large amount of particle mass to analyse these biological
mechanisms, and it is often difficult to obtain the targeted particle
mass in a reasonable period. Limited studies have discussed the parti-
cle mass (which is an important aspect) collection effectively by
selecting an appropriate type of instrument according to the charac-
teristics of each microenvironment in urban areas; this review pro-
vided viable suggestions to use the appropriate type of instrument
for the respective microenvironments.

• We reviewed the typical concentrations in five different urbanmicro-
environments (roadside; traffic intersections; indoors; parks; road-
side behind GIs). As expected, the mass concentrations near to
traffic-related activities such as roadsides and traffic intersections
were found to be higher compared than those indoorswhere elevated
mass concentrations were observed at study sites with poor ventila-
tion and cooking activities. The park and roadside sites behind GI
showed a lowermass concentration, due to the presence of urban veg-
etation and roadside GI. These typical concentrations served as a via-
ble input in calculating the sampling time required by each
instrument for obtaining the targeted particle mass.

• The sampling instrument and its volumetric flow rate play an essen-
tial part in the sampling duration for collecting the targeted mass of
particles for the analysis. The volumetric flow rate on these samplers
can range from 16 to 1100 LPM for both PM2.5 and UFP, and these
samplers largely use either impactor or cyclone sampling techniques.
The particles collected in indoor environments generally use impac-
tion sampling techniques (with flow rates 16 to 30 LPM) in amedium
volumetric flow rate for collecting particles effectively without caus-
ing any increased noise levels or unpleasant conditions during sam-
pling (in indoor environments). The impaction sampling technique,
coupled with high volume suction pumps ranging from 400 to 1100
LPM, can be deployed inmost of the outdoormicroenvironments. Cer-
tain samplers, such as Harvard impactors, can be used for both indoor
and outdoor environments since they have a significant flow rate and
can collect particles in both fine and ultrafine size range. These types
of samplers are as efficient as high-volume samplers and easy to oper-
ate and handle compared to high volume samplers.

• Though there are many methods available for physicochemical
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examination of PM, their use can be restricted by numerous factors.
In particular, the amount of PM collected may limit viable options.
When only limited amounts of PM are available, the experimental
workflows to characterise the PM needs to be carefully planned. The
PM samples need to be cycled through non-destructive experiments
before attempting destructive approaches. On-filter experiments
might be favoured over experiments requiring PM extraction. In gen-
eral, ifmoremass of PM canbe collected,more comprehensive and ac-
curate analysis can be performed.

• Different mechanisms such as inflammatory processes, oxidative
stress and genotoxicity are involved in PM cytotoxicity. Fine and
UFPs exhibit significant toxicological effects due to their particle di-
ameter, which aids their entry into the airways and bloodstream
and causing cellular effects. The cellular toxicity of PMs and their sub-
sequent damaging effects in different organs is attributed to the type
of cell line, culture conditions, and the particle size, composition and
concentration. In short, higher the PM concentration and exposure
time lead to highest toxicity, and it strictly depends on the absorbed
toxic pollutants. The oxidative stress seems to be generated mostly
by the metal fraction while the genotoxicity by the organic fraction.
Higher levels of PM and different cell lines are used in cell toxicity
studies compared to a real-life situation. Methodological differences
hamper direct comparison of results between different studies. The
PM0.1 toxicity grade is correlated not only with the relative mass, as
for bigger PM, but also with particle number and surface area. Due
to the higher capacity to absorb organic pollutants, PM0.1 result in
more toxic effects compared to PM2.5, due to their small size and abil-
ity to produce damaging effects in the lung and the brain. More stud-
ies about its neurotoxicity and correlation with neurodegenerative
diseases are needed. The identification of cellularmodification caused
by PM is essential to understand its harmful effects and correlated dis-
eases. Bioassay and imaging techniques are essential tools employed
to understand the cytotoxicity mechanism of PM.

• Toxicological assessments are carried out in different doses. Hence, they
require an average of 1000 μg of particlemass in both the size fractions.
Similarly, it is possible to say that the physico-chemical characterisation
needs an average of 100 μg of particle mass (for elements, ions and car-
bon analysis). PM2.5 mass was largely collected by six different types of
samplers and the UFP mass by seven different samplers. The samplers
with higher volumetric flow rates (1100 LPM) require very short dura-
tion compared to samplers with low volumetric flow rates (9 LPM).
However, the high volume samplers cannot be used in all the urbanmi-
croenvironments, due to difficulties in handling andoperation. TheHar-
vard impactors are easy to handle, equipped with a quieter pump and
have a higher collection efficiency, demonstrating that it is a viable op-
tion to collect PM particles effectively.

• With respect to airborne pathogens, in particular viruses, collection
conducted using samplers with cyclone (centrifugal forces) sampling
techniques, has been proven to be effective. The samplers with cyclone
sampling techniques use centrifugal forces, which cause a cyclone, by
collecting the particles on the surface of the collection vessel in a me-
dium such as DMEM. Thus, the cyclone sampling technique (Coriolis μ
air samplers andNIOSH BC 251 samplers)with a suitablemedium is vi-
able for virus collection.

• Predictive modelling approaches using AI can be used in identifying lo-
cations for effective measurements of the particle mass. In particular,
data assimilation and machine learning techniques can help to identify
the potential hotspots for effective particle mass collection. The effec-
tiveness of these technologies has been mathematically proven and
tested for some test cases (e.g. measurements of CO2). These technolo-
gies have not been used for effective mass collection yet. However,
there is potential for these technologies to aid particle mass collection.

This review identified the different PM collection methodologies and
recommended appropriate sampling strategies for various
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microenvironments for effective particle collection. These microenviron-
ments will not possess similar characteristics since somewill have higher
concentration due to proximity to emission sources as opposed to others
with very low concentrations. The morphology of certain environments
facilitates the use of samplers with high flow rate and certain indoor mi-
croenvironments do not favour using these types of instruments; hence a
low flow rate instrument is used, and the sampling duration extends sig-
nificantly, not tomention the particlemass collectionwill also be affected.
Also, monitoring stations, sporadic unattended measurements are not
feasible in all the microenvironments due to vandalism or any other
local difficulties. Hence, there is a need for a sampler with high flow
rate (as high volume samplers) as well as portable (as low volume sam-
plers) with easy handling and good collection efficiency, which will facil-
itate the user to utilize in all kinds of microenvironments. Usage of these
kinds of appropriate samplers supports in conducting a more compre-
hensive and accurate analysis of physico-chemical characterisation and
toxicological effects of PM. Prior to conducting any sampling activity,
the morphology of sampling environments and their prevailing average
ambient concentration can be studied by pilot investigations using hand-
held monitors. The duration for collecting the targeted particle mass can
be calculated using these pilot investigations, which in turn will help in
finding the appropriate sampler to complete the sampling in a significant
time frame. Future investigations should focus onusing predictivemodel-
ling techniques such as data assimilation andmachine learning,whose ef-
fectiveness has been proved mathematically and can be used for
identifying the potential hotspots for effective particle mass collection.
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