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■ MATERIALS AND METHODS
Sample Collection. Air pollution-derived particulate

matter (PM) less than 10 μm in size (PM10) was collected
as dry particles on a major London road (Marylebone Road)
and a London underground railway station (Baker Street
Station) using a high-volume cyclone16 without a PM10 size
separation inlet device. For the roadside assessment, the
cyclone was placed on the pavement at ground level and
approximately 1 m from the curbside; for both the roadside
and the underground station measurements, the air intake
height was 30 cm above ground level. PM was collected over a
period of 5−8 h per day, over 10 days during summer 2019.
PM10 samples were pooled and stored at room temperature in
a sterile glass container.
Slide Preparation for Confocal Microscopy. A clean

slide was placed in a Petri dish and covered. A few grains of the
collected aggregated roadside particles were put in a small glass
vial, and a few drops of propan-2-ol were added. The particles
then separated immediately to form a temporary suspension.
The vial was agitated and some of the suspension extracted
using a 1 mL syringe with a needle. A droplet of the suspension
was put on the glass slide which was then covered with a Petri
dish lid. The droplet containing the particles in suspension
dispersed across the surface of the glass slide, and the propan-
2-ol was allowed to evaporate naturally at room temperature
over a period of 20 min to leave just the particles on the glass
slide.
In order to investigate whether the shapes of particles could

be a9ected by the slide preparation technique, we also
prepared slides for confocal microscopy using double-sided

adhesive tabs used in scanning electron microscopy in a similar
fashion to that we have previously described in a diesel
particulate matter imaging study.11 In essence, the steps were
as follows: a piece of filter paper was placed in a plastic Petri
dish with a lid. A sample of the underground railway PM was
sprinkled on the filter paper using a small spatula and the lid
replaced. The lid of the Petri dish was tapped to help reduce
the size of the clumped charged particles which causes the finer
particles to be attracted to the underside of the plastic lid. A
double-sided self-adhesive circular carbon tab of a diameter of
12 mm was attached to a glass slide and placed in the center of
the Petri dish and the lid replaced. Tapping the lid caused the
particles, including PM2.5 and PM10, on the lid to fall onto the
tab.
Slide Preparation for Scanning Electron Microscopy.

Samples of PM particles collected in the underground railway
station were suspended in propan-2-ol and sonicated with
ultrasound for about 5 min to separate the particles. A drop of
the particles in suspension was placed on a glass coverslip,
which was mounted on a specimen stub, and allowed to air-dry
overnight; the sample was then carbon coated to make the
surface conductive.
Confocal Microscopy. The separated particles deposited

onto the glass slide were imaged with an Olympus LEXT
OLS4100 confocal microscope (Olympus Corporation, Japan)
with a 100× objective lens. The confocal microscope has a 405
nm laser, and images were collected with a resolution of 1024
× 1024 pixels and with the 3D scanning in fine mode. 3D
surface scanning images of PM10 and PM2.5 particles were
assessed for size in three dimensions as well as shape and color

Figure 1. Example of confocal microscope imaging of roadside particles. Panel A shows a 3D representation image of particles on a glass slide
consisting of 25 individual images stitched together to form a total area of 592 μm × 596 μm. Panel B shows a 128 μm × 128 μm 3D image of
particles and panel C a close-up of some of the particles in panel B showing that some particles appear to have sharp or jagged edges. In panel C, a
PM10 particle with the longest and perpendicular lengths of 4.9 μm × 4.6 μm and of height 1.3 μm is shown surrounded by a green ellipse, and a
PM2.5 particle with dimensions of 2.4 μm × 2.3 μm and of height 0.7 μm is shown surrounded by an orange ellipse (on right). In panels A and C,
the z axis is magnified by 2 in order to show the 3D shape more clearly.
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using Olympus LEXT microscope software. In addition the
aspect ratio was calculated as the fraction of (longest length)/
(perpendicular length).
Elemental Analysis Using Scanning Electron Micros-

copy of Underground Railway Station PM. Slides of
underground railway station PM were examined with a Zeiss
EVO 50 scanning electron microscope (SEM) in both the
secondary and backscattered modes. Secondary electron
imaging (SEI) was used for examining texture, morphology,
size, and overall appearance. Detection of backscattered
electrons (BSE) was used to assess di9erences in chemistry;
brighter phases identified via BSE imagery were selected and
qualitatively examined using energy dispersive X-ray micro-
analysis.

■ RESULTS AND DISCUSSION
Particles with sizes corresponding to both PM10 and PM2.5
were imaged with the confocal microscopy technique from

both the roadside and underground railway station samples.
The 3D appearance showed that particles from both sites had a
variety of shapes as seen for roadside particles in Figure 1
showing predominately examples of both PM10 and PM2.5.
Figure 1A shows a 3D image of roadside-collected particles on
a glass slide consisting of 25 individual images each of 128 μm
× 128 μm stitched together to form an image with total area of

592 μm × 592 μm. The particles in the image vary in size,
shape, and color. The particles are predominantly black, gray,
or white in color which in part may be due to lighting e9ects;
however, in addition, some particles appear to have a yellow or
orange tinge. Figure 1B shows a 128 μm × 128 μm 3D image
of particles; a close-up of some of the particles is seen in Figure
1C with some particles appearing to have sharp or jagged
edges. Again the color of particles varies with some being dark
gray and others light gray or white; other particles have an
orange or yellow tinge. An example of a PM10 particle is shown
in Figure 1C surrounded by a green ellipse and a PM2.5 particle
surrounded by an orange ellipse.
In terms of variation in size and shape, from 10 roadside

particles, the median (range) longest length was 4.0 (1.3 to
6.6) μm, perpendicular length 2.1(1.2 to 5.6) μm, and height
1.4 (0.3 to 2.1) μm. The median (range) aspect ratio was 1.3
(1.0 to 2.3).
Examples of confocal microscopy imaging of underground

railway station PM collected on two di9erent platforms are
shown in Figure 2 using slides prepared with propan-2-ol. As in
the roadside PM images, there is a range of size with some
particles appearing to have sharp edges. The sharp appearance
of some particles was not obvious to discern from 2D images
alone as seen in the example in Figure 3A when compared with
the equivalent 3D image in Figure 3B. Similar types of
particles’ appearances were seen in slides prepared with the
double-sided adhesive circular tabs to the propan-2-ol method.
However, there was more particle agglomeration apparent in
all directions x, y, and z with the tab approach, and so fewer
PM10 and below particles were seen as shown in the example in
Figure 3C and D.
SEM secondary electron imaging of underground railway

station PM also showed a variety of shapes in particles of
similar dimensions to that found on confocal imaging as seen
in the example in Figure 4. Backscattered electron spectra from
ten railway PM10 particles selected at random showed the
presence predominantly of silicon, calcium, and iron as seen in
the example spectra in Figure 4. Some particles also showed
the presence of carbon, although this element can be di?cult
to detect using this approach because of the coating of the
sample with carbon. Although it is possible that the ultrasound
sonication used in preparing particles for SEM imaging and
backscattered electron spectra could have a9ected their shapes,
the variety of shapes seen were consistent with the confocal
microscopy images; furthermore, it seems unlikely that the
SEM particle preparation method would a9ect the shapes of
particles with metallic elements identified using energy
dispersive X-ray microanalysis.
In this study, confocal microscopy was successfully applied

to investigate the structure, size, and appearance of particulate
matter (PM) collected beside a busy London road as well as
two platforms at a London underground railway station. It has
been previously shown that the composition of PM changes
between types of workplace.17 The jagged nature of some
particles may not be clear on 2D imaging alone which may
explain why some SEM studies have suggested roadside
particles may have a more spherical appearance;13 nevertheless,
our SEM imaging of underground railway station PM was
consistent with confocal microscopy in showing that some
particles can have sharp appearing edges. The geometries of
microparticles have previously been shown to a9ect interaction
with cancer cells;18 in that study, microparticles were found
not to enter cells if the surface in contact was round, whereas

Figure 2. Examples of confocal microscope images of underground
railway station particulate matter collected from two platforms. Each
image shows a 128 μm × 128 μm 3D image of particles with di9erent
shapes and colors some of which appear to have sharp edges. The z
axes of the images are magnified by 2 in order to show the 3D shape
more clearly.
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sharp particles could attach to cells. Furthermore, the particle
appearance on SEM seen in our study is consistent with images
previously reported.19,20

The type of PM can vary according to height from the
ground as seen in a study of PM at pram and adult heights.21

As roadside particulate matter is heterogeneous and may
originate from a number of sources,12 methods of character-
izing the particles may help in identifying their origin. Size and
shape may give some indication, but the technique applied in
this study also allows their color to be studied. It is not clear
whether color of the PM could be reliably used to help
characterize particles or identify the likely origin. In addition,
without true color imaging, it may be di?cult to appreciate
that the origin of individual particles could be di9erent.
Unlike regular particle collections that use a filter to catch

the particulate matter, the high-volume cyclone collects
particulate matter as dry respirable powder directly into a
sterile container. As a result, particles are ready to be utilized
without the need for extraction, and so we believe that particle
morphology is unlikely to change as a result of the air sampling
technique. As the sampled air is passed over a Teflon cup, it is
possible that some smaller particles may be lost in the PM
acquisition procedure due to electrostatic forces. We observed
apparent agglomeration of particles which may be related to
electrostatic e9ects. The confocal microscope slides prepared
with propan-2-ol appeared to show well-dispersed small
particles, whereas those using the double-sided pads showed
more particle agglomeration. We assume that the propan-2-ol
technique is unlikely to a9ect the morphologies of particles,

and this is supported by the consistent small particle range of
appearance seen with the slides prepared using double-sided
adhesive tabs. We thus assume propan-2-ol is unlikely to a9ect
particle appearance as well as based on its typical usage; for
example, it can be used in preparing carbon-based paints for
conductive films.22,23

In accordance with earlier studies,15,24 we observed the
presence of particles with elemental characteristics suggestive
of iron on BSE analysis of underground railway station dust;
this perhaps is not surprising given the proximity to rails
particularly as PM acquisition was close to station floor level.
Furthermore, the magnetic property of iron containing PM
opens up the possibility of applying magnetic filters to remove
such particles.25 The roadside PM was collected near the
curbside of a major London road with approximately 80,000
vehicles daily.26 It is possible that the elemental characteristics
of PM will be a9ected by the height from the ground primarily
because of density, and this needs further investigation.
In summary, the results of this study suggest that some

roadside and underground railway station PM10 and PM2.5
particles collected 30 cm above ground level have a sharp or
jagged appearance which may help explain their ability to
tightly adhere to and infiltrate the respiratory system and thus
a9ect health. Further studies are required to examine whether
such particle characteristics vary with height from ground level
and particularly at heights consistent with breathing for
children and adults.

Figure 3. Top row shows an example of a 2D image (A) and a corresponding 3D confocal microscope image (B) each of size 128 μm × 128 μm
using a 100× objective lens showing particles of underground railway station particulate matter with di9erent shapes and colors some of which
appear to have sharp edges in the 3D image, but this cannot clearly be discerned from the 2D image. The lower part of the figure shows examples of
confocal microscope images of underground railway station particulate matter using the double-sided adhesive tab method (C) and the propan-2-ol
slide preparation method (D). The z axes of the 3D images are magnified by 2 in order to show the 3D shape more clearly.

Environmental Science & Technology Letters pubs.acs.org/journal/estlcu Letter

https://doi.org/10.1021/acs.estlett.2c00649
Environ. Sci. Technol. Lett. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?fig=fig3&ref=pdf
pubs.acs.org/journal/estlcu?ref=pdf
https://doi.org/10.1021/acs.estlett.2c00649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Wertheim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1672-3970
mailto:D.Wertheim@kingston.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lisa+Miyashita"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gary+Foley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ian+Gill"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+Giddens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gavin+Gillmore"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruaraidh+Dobson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sean+Semple"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Rule"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2328-0749
https://orcid.org/0000-0003-2328-0749
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+Grigg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00649?fig=fig4&ref=pdf
pubs.acs.org/journal/estlcu?ref=pdf
https://doi.org/10.1021/acs.estlett.2c00649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1073/pnas.1816102116
https://doi.org/10.1073/pnas.1816102116
https://doi.org/10.1073/pnas.1816102116
https://doi.org/10.1016/S2542-5196(20)30272-2
https://doi.org/10.1016/S2542-5196(20)30272-2
https://doi.org/10.1136/archdischild-2014-306237.95
https://doi.org/10.1136/archdischild-2014-306237.95
https://doi.org/10.1183/13993003.00147-2020
https://doi.org/10.1183/13993003.00147-2020
https://doi.org/10.1136/bmj.m2791
https://doi.org/10.1136/bmj.m2791
https://doi.org/10.1136/bmj.m2791
https://doi.org/10.1136/thoraxjnl-2019-213722
https://doi.org/10.1136/thoraxjnl-2019-213722
https://doi.org/10.1073/pnas.1605941113
https://doi.org/10.1073/pnas.1605941113
https://doi.org/10.1016/j.envres.2019.108567
https://doi.org/10.1016/j.envres.2019.108567
https://doi.org/10.1016/j.scitotenv.2017.02.230
https://doi.org/10.1016/j.scitotenv.2017.02.230
https://doi.org/10.1007/s11356-021-14025-y
https://doi.org/10.1007/s11356-021-14025-y
https://doi.org/10.1016/j.atmosenv.2016.05.040
https://doi.org/10.1016/j.atmosenv.2016.05.040
https://doi.org/10.1016/j.atmosenv.2016.05.040
https://doi.org/10.1007/s11356-021-12369-z
https://doi.org/10.1007/s11356-021-12369-z
https://doi.org/10.1007/s11356-021-12369-z
https://doi.org/10.1039/c9mt00253g
https://doi.org/10.1039/c9mt00253g
https://doi.org/10.1016/j.envint.2019.105188
https://doi.org/10.1016/j.envint.2019.105188
https://doi.org/10.1039/c0em00034e
https://doi.org/10.1039/c0em00034e
https://doi.org/10.1039/c0em00034e
https://doi.org/10.1093/annweh/wxaa027
https://doi.org/10.1093/annweh/wxaa027
https://doi.org/10.1093/annweh/wxaa027
https://doi.org/10.1021/acs.molpharmaceut.5b00992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.5b00992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1136/oem.2004.014332
https://doi.org/10.1136/oem.2004.014332
https://doi.org/10.1021/es304481m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es304481m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es304481m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envint.2020.105671
https://doi.org/10.1016/j.envint.2020.105671
https://doi.org/10.1021/jacs.9b12424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b12424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1149/2.0961706jes
https://doi.org/10.1149/2.0961706jes
https://doi.org/10.1289/EHP7202
https://doi.org/10.1289/EHP7202
https://doi.org/10.1016/j.jhazmat.2012.02.006
https://doi.org/10.1016/j.jhazmat.2012.02.006
https://doi.org/10.1016/j.jhazmat.2012.02.006
https://doi.org/10.1016/j.envpol.2016.06.002
https://doi.org/10.1016/j.envpol.2016.06.002
https://doi.org/10.1016/j.envpol.2016.06.002
pubs.acs.org/journal/estlcu?ref=pdf
https://doi.org/10.1021/acs.estlett.2c00649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

