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Nanoscale observation of PM2.5
incorporated into mammalian cells
using scanning electron-assisted
dielectric microscope

Tomoko Okada?, Tomoaki lwayama?, Shinya Murakami?, Masaki Torimura3 &
Toshihiko Ogura®™

PM2.5 has been correlated with risk factors for various diseases and infections. It promotes tissue
injury by direct effects of particle components. However, effects of PM2.5 on cells have not been
fully investigated. Recently, we developed a novel imaging technology, scanning electron-assisted
dielectric-impedance microscopy (SE-ADM), which enables observation of various biological
specimens in aqueous solution. In this study, we successfully observed PM2.5 incorporated into living
mammalian cells in culture media. Our system directly revealed the process of PM2.5 aggregation in
the cells at a nanometre resolution. Further, we found that the PM2.5 aggregates in the intact cells
were surrounded by intracellular membrane-like structures of low-density in the SE-ADM images.
Moreover, the PM2.5 aggregates were shown by confocal Raman microscopy to be located inside
the cells rather than on the cell surface. We expect our method to be applicable to the observation of
various nanoparticles inside cells in culture media.

Airborne particulate matter of 2.5 pm or less (PM2.5) is a highly complex and heterogeneous mixtures of various
elements, containing chemicals and biologicals coated onto a carbonaceous core!?. PM2.5 has been correlated
with various risk factors for acute respiratory infections, chronic respiratory and cardiovascular diseases and
type 2 diabetes®®. Typically, air pollution with PM2.5 leads to a high risk of human lung damage®'*. In addition,
PM2.5 induces systemic effects on several tissues such as the liver and the pancreas*' and can promote tissue
injury via direct effects of particle components leading to oxidative and cellular stress'**.

Mammalian culture cells can be used to analyse biological responses to PM2.5. In previous studies, gene
expression analysis was carried out upon direct addition of PM2.5 to cultured cells*!’~°. Various changes of
protein expression in cultured cells were also caused by exposure to PM2.5>'77*°. However, since the effects of
PM2.5 on cell functions have been insufficiently investigated, studies are needed on the inner structure of living
cells upon addition of PM2.5 to the culture medium at nanometre resolution.

Recently, we have developed a novel imaging technology, scanning electron-assisted dielectric-impedance
microscopy (SE-ADM)**?!, which enables the observation of various biological specimens in aqueous media
without radiation-induced damages at 8 nm spatial resolution®'. The resolution has been determined as previ-
ously described using the edge of protein particles®!. Analysis at nanometre resolution is very important to study
cell functions because the size of protein complexes is of this scale. Biological samples are enclosed in a sample
holder composed of two silicon nitride (SiN) films, the upper SiN film being coated with a tungsten (W) layer.
When an electron beam (EB) was applied to the W-coated SiN film, the EB was scattered and mostly absorbed
by the tungsten layer, so that biological samples were protected from damages by the EB?!. Our SE-ADM system
has been successfully used for high-contrast nano-level imaging of biological specimens such as cultured mouse
cancer cells (4T1E/M3)?*?* and mouse osteoblastic cells (KUSA-A1)%.

In this study, we show that our SE-ADM system can be used to observe PM2.5 incorporated into living mam-
malian cells in culture media. Our system has allowed direct observation and analysis of the process of PM2.5
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aggregation in cells at nanometre resolution. Furthermore, using SE-ADM and Raman spectrum analysis, we
have demonstrated that the PM2.5 aggregates are located inside the cells rather than on the cell surface.

Results

Observation of OBA9 and 4T1/EM3 cells with PM2.5 under aqueous condition using SE-ADM
system. OBAY, a human gingival epithelial cell line?>*, was cultured on a SiN film of 50 nm thickness in
a culture dish holder?. After the cells formed a confluent monolayer on the SiN film, the holder was separated
from the plastic culture dish, sealed in an acrylic holder, and installed in the SE-ADM system (Fig. 1a—c). Cul-
tured OBAY cells in the holder were kept under atmospheric pressure. While the nucleus was observed in a low-
magnification (1000x) image of OBA9 cells (Fig. 1d), intracellular membrane structures and vesicles were dis-
cerned at a higher magnification (5000x) (Fig. 1e). Five hours after adding PM2.5 to OBA9 cells in the medium,
it was observed that high-density black particles were dispersed in the whole visual field (Fig. 1f). At a high
magnification (10,000x) with SE-ADM, PM2.5 aggregates of various sizes were found indeed inside the cells
(Fig. 1g, see also Fig. 5). In our SE-ADM system, high density and low-dielectric samples show clear black con-
trast, as shown in our previous report”. PM2.5 is composed of various elements such as carbon and aluminium
oxide (see also Fig. 6). It is known that the density of these components is more than 2.0 g/cm?, which is much
higher than that of cell components, 1.0-1.1 g/cm?. Therefore, almost all the PM2.5 particulates and aggregates
in the cells or in water show clear black contrast.

Next, we investigated the time course of PM2.5 uptake (Fig. 2). Three hours after addition of PM2.5, a small
number of particulates and their aggregates were found inside the cells (Fig. 2a-c, 3 h panels). After 5 h, many
PM2.5 particulates were likely to be incorporated into the cells to form aggregates (Fig. 2a—c, 5 h panels). The
size and shape of PM2.5 aggregates showed a wide variation in the cells. The area of the aggregates appeared to
be larger in the 5 h images compared to the 3 h images (Fig. 2d). The aggregates were observed to be surrounded
by a region of low density (Fig. 2b, ¢, 5 h panels; in the panels, the region looks white). After 9 h, the PM2.5
aggregates were covered with the region of low density, which we assumed to be intracellular membrane-like
structures (Fig. 2b, 9 h panels) on the basis of our previous study?*?. After 24 h of culture with PM2.5, the
number of particulates and aggregates decreased in the whole visual field (Fig. 2a-c, 24 h panels). Some of the
PM2.5 particulates once captured by the cells might be exocytosed. The area of PM2.5 in 1000 um? unit of the
image at each time was calculated as seen in Fig. 2d.

Then, we measured the size of PM2.5 aggregates in OBA9 cells using SE-ADM image analysis (Fig. 2e) and
a histogram of pixel intensity after contrast inversion was made (Supplementary Figure 1). Five hours after
the addition of PM2.5, the histogram of aggregate diameter in OBA9 cells showed a peak at 200 nm and more
than 71.4% of the aggregates were smaller than 500 nm (Fig. 2e, left panel). After 9 h, 49.3% of the aggregates
were larger than 500 nm in diameter (Fig. 2e, centre panel). After 24 h, 16% of the aggregates were larger than
1400 nm, whereas only a few with such a diameter were detected in 5 and 9 h panels (Fig. 2e right and centre
panel). These results suggested that the PM2.5 incorporated in the cells were gradually aggregated and that the
size of the aggregates increased. Some aggregates were round while others were elliptical or distorted. Therefore,
we calculated the ratio of short axis length to that of long axis of the PM2.5 aggregates in the cells (Fig. 2f). The
ratios of all the aggregates after 5 h were found to be between 1 and 3.5 (Fig. 2f left panel). The same tendency
was found in the data at 9 and 24 h (Fig. 2f centre and right panels). This result suggested that the aggregate
shapes were not affected by the aggregate size. In other words, the shape of PM2.5 aggregates in the cells were
not uniform but remained distorted irrespective of elapsed time after the incorporation.

Our SE-ADM imaging system enables observation of structures of particles and organelles in cells without
fixation and staining in aqueous solutions. At a high magnification (10,000x), various shapes of PM2.5 aggre-
gates were found in the cells (Fig. 3a). In SE-ADM images, the PM2.5 aggregates seemed to be surrounded by a
white-looking low-density region, which was thought to be intracellular lipid-bilayer membranes as described
above. In the previous report®®, we showed that such a low-density region contained lipids. A pseudo-colour
map (Fig. 3b) and 3D map (Fig. 3c) made from Fig. 3a clearly show that the PM2.5 aggregates are surrounded
by the low-density white-looking region. Furthermore, the green region indicated by pink arrows is found
around the aggregates in red in Fig. 3b. According to our previous results*>?” with the SE-ADM system, the
protein-rich region appears dark; i.e. pixel intensity is rather high. However, since PM2.5 consists of very high
density carbon that does not exist in cells and thus has an extremely high pixel intensity, PM2.5 is observed as
truly black particulates (red in the colour image). By contrast, the protein-rich region appears relatively light in
the presence of PM2.5 and the colour image should become green. Therefore, it can be inferred that the green
region of Fig. 3b is protein-rich.

Figure 3d shows a comparison of the distributions of the average pixel intensities in the image with or without
the addition of PM2.5 to OBA9Y cells. The average distribution in the case of PM2.5 addition and that of a control
were calculated using 11 and 13 SE-ADM images, respectively. Several typical SE-ADM images with and without
addition of PM2.5 are shown in Supplementary Figure 2. The average pixel intensity of OBA9 cells without addi-
tion of PM2.5 showed a Gaussian distribution (Fig. 3d, dashed blue line). On the other hand, the average pixel
intensity after the addition of PM2.5 exhibited an increase at the positions higher than 20 (Fig. 3d, pink line),
which is likely due to PM2.5 particulates. Further, the intensity also exhibited an increase between the -10 and
-2.50 regions, which is considered to correspond to the lipid-rich membrane of the low-density region shown
in Fig. 3b, c. Figure 3e shows the difference histogram between the intensities with and without PM2.5, which
is positive in areas higher than 20 and between — 10 and —2.50.

To further evaluate the PM2.5 incorporation in cells, we added PM2.5 to cultured mouse cancer cells (4T1E/
M3) (Fig. 4). Many PM2.5 particulates and aggregates were observed in the whole visual field 3 h after the addi-
tion of PM2.5 (Fig. 4a). In high magnification (10,000-20,000x) images, many aggregates were surrounded by
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Figure 1. Experimental setup of SE-ADM system and observation of cultured mammalian cells with PM2.5. (a) A schematic diagram
of the SE-ADM system based on high-resolution FE-SEM. The liquid-sample holder with cultured cells with PM2.5 added was
mounted on the pre-amplifier-attached stage, which was introduced into the SEM specimen chamber. The scanning EB was applied

to the W-coated SiN film at a low acceleration voltage. The measurement terminal under the holder detected the electrical signal
through the liquid specimens. (b) Overview of the liquid-sample holder with cultured mammalian cells with PM2.5 aggregates. OBA9
or 4T1E/M3 cells were on the upper SiN film and the W-coated side was irradiated with the scanning EB. (c) A conceptual diagram

of the PM2.5 aggregates in a cell. (d) A low magnification SE-ADM image of untreated OBA9 cells in medium (1000x) with a 7-kV
EB and -9 V bias. Nuclei indicated by red arrows were observed in this image. (e) A high magnification image of OBA9 cells (5000x).
Intracellular membranes and vesicles were observed. (f) An SE-ADM image of OBA9 cells with added PM2.5 at an electron beam
acceleration of 7 kV (2000x). Five hours after the addition of PM2.5, the black aggregates were detected in the whole visual field,
indicating aggregated PM2.5 in the cells. (g) A high-magnification image (10,000x) of a PM2.5 aggregate in the red square in (f). Scale
bars, 10 ym in (d, f) and 1 pm in (e, g).
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Figure 2. SE-ADM images of OBA9 cells after the addition of PM2.5. (a) Low-magnification (1500-2500x)
images of OBA9 cells at 3, 5, 9 and 24 h after addition of PM2.5. Black particles are PM2.5 aggregates. (b, c)
High-magnification (b 10,000x; ¢ 10,000-20,000x) images of the areas indicated by red arrows in (a) indicate
the PM2.5 aggregates. PM2.5 aggregates appear to be covered with membrane-like structures at 5 and 9 h after
the addition of PM2.5. (d) Average area of PM2.5 aggregates in cells at various time. The average area of PM2.5
aggregates in the SE-ADM image (3, 5, 9 or 24 h after addition) was calculated as described in Materials and
Methods. p***<0.001 (e) Distribution of PM2.5 aggregate size in OBA9 cells after 5,9 and 24 h. After 5 h, the
peak of the aggregate diameter histogram was 200 nm and more than 71.4% of the aggregates were smaller than
500 nm. After 9 h, the peak of the aggregate diameter histogram shifted to larger size; 49.3% of the aggregates
were larger than 500 nm. (f) Point diagrams of the average diameters versus the short and long axis ratio of
PM2.5 aggregates in the cells after 5, 9 and 24 h. Scale bars, 10 um in (a) and 1 um in (b, ¢).
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Figure 3. Analysis of pixel intensity at the PM2.5 aggregates in a cell. (a) A high-magnification (10,000x)
SE-ADM image of a PM2.5 aggregate in OBA9 cells. (b) A pseudo-colour map of (a) after intensity inversion.
Pink arrows indicate the region assumed to be proteins near the PM2.5. (¢) A 3D intensity-colour map of

(b). Various shapes of particles were detected in a cell. The PM2.5 aggregates were surrounded by the white
region in the image, which was thought to represent intracellular membrane structures. (d) Comparison of the
distribution of averaged pixel intensity with or without addition of PM2.5 to the cell. The dashed blue curve
(control: without PM2.5) displayed a normal probability distribution. The pink curve (with PM2.5) showed
positive deviation from the normal probability distribution in areas of higher than 2 standard deviations (o) and
lower than — 1o. (e) A difference histogram between the pink and dashed blue curves. It shows the difference
more clearly in the o areas higher than 20 and between — 10 and — 2.50. Scale bars, 1 um in (a, c).

the low-density membrane-like region (Fig. 4b, c). The structure of the aggregates was almost the same as that
in OBAJY cells (Fig. 2a-c). After 24 h of PM2.5 exposure, the aggregates detected in the cells were fewer than
those found in 3 h images (Fig. 4d). In addition, white-looking low-density membrane-like structures appeared
to be almost the same as those in the images after 3 h (Fig. 4e, f). These results suggest that the incorporation
of PM2.5 may commonly occur in mammalian cells in a quite similar manner in that PM2.5 is surrounded by
membrane-like structures.

Detection of PM2.5 inside OBA9 cells using a confocal Raman microscope. We analysed OBA9
cells treated with PM2.5 using a confocal Raman microscope (Fig. 5). First, we obtained a Raman spectrum of
PM2.5 as a powder or a suspension in PBS on a glass slide (Supplementary Figure 3). In either case, the Raman
spectrum of PM2.5 showed sharp peaks at 1354 and 1575 cm™, which corresponded to the carbon peaks of
charcoal®. Therefore, PM2.5 used in the present study is thought to primarily consist of carbon. Next, we inves-
tigated the Raman spectrum of OBA9 cells after the addition of PM2.5 (Fig. 5). OBA9 cells were cultured in a
glass bottomed dish, treated with PM2.5, cultured for 5 h, and then fixed by paraformaldehyde (PFA) before the
measurement. A Raman spectrum at the position of a black particle (indicated by the red cross in Fig. 5a) at the
cell centre was obtained with 0.5 um upward-steps from the surface of the glass bottomed dish (Fig. 5b). The
black line in the front in Fig. 5b shows the spectrum at the bottom side of the cell adhered onto the glass.

In the Raman spectra and its colour maps, three peaks at 488, 958 and 2934 cm ™ were identified, which cor-
responded to those of proteins and lipids**-*. In addition, a number of small peaks were detected in the area of
1000-1600 cm™ (Fig. 5b, ¢). As seen in Fig. 5d, the height of the protein S-S bond peak (488 cm™)*° gradually
increased from the bottom toward the point of 2 um. The intensity was almost constant from 2 to 6 um height,
which was very likely to be the intracellular region (Fig. 5d) since the thickness of the cell was about 5-10 um. By
contrast, the 1354 and 1575 cm™! peaks due to carbon from PM2.5 steeply increased from the bottom toward the
point of 2 um, and sharply decreased beyond 2 pm (Fig. 5e). These results indicate that the PM2.5 carbon exists
inside the cell but not on the cell surface. As for the signal of 2934 cm™ due to lipids, the shape of the signal is
almost the same as that of the carbon signal (Fig. 5e, f). We propose that the lipid-rich intracellular membranes
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Figure 4. SE-ADM images of 4T1E/M3 cells 3 and 24 h after the addition of PM2.5. (a) A low magnification
(1200x) image of 4T1E/M3 cells 3 h after the addition of PM2.5. A number of PM2.5 aggregates were seen in the
whole visual field. (b, ¢) High magnification (b 10,000x; ¢ 20,000x) images of the areas indicated by red arrows
in (a). The images show high-density black particulate aggregates covered with light intracellular membrane-like
structures. (d) A low magnification (1000x) image of 4T1E/M3 cells 24 h after the addition of PM2.5. (e, f) High
magnification (10,000 x) images of the areas indicated by red arrows in (d). Scale bars, 10 ym in (a, d), 1 pm in
(b, e, f), and 500 nm in (c).

surround PM2.5 aggregates. In addition, we obtained the same results at another position of the cell (data not
shown). It should be mentioned that the peak of 958 cm™ indicates the collagen backbone CH=CH bending™.
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Figure 5. Spatial and spectrum analysis of OBA9 cells added with PM2.5 using confocal Raman spectrum
microscope. (a) An optical microscopic image of OBA9 cells 5 h after the addition of PM2.5 and fixed with PFA.
(b) Raman spectra of the position indicated by a red cross in the cell in (a) were obtained at 0.5 pm intervals
from the glass surface to which the cell adhered (height, distance from the glass surface, 0-6 um). (c) A coloured
Raman spectrum map of (b). The horizontal and vertical axes are the Raman spectrum intensity and the height
from the glass surface, respectively. In this figure, three peaks (488, 958 and 2934 cm™!) were discerned. In
addition, many small peaks were recognized between 1000 and 1600 cm™". (d) A line-plot of the protein peak
of S-S bonds at 488 cm™". This signal intensity was rather high throughout. (e) Line plots of the carbon peaks at
1354 and 1575 cm™!. These signals increased up to 2 um height and then decreased. (f) The line plot of the lipid
peak at 2934 cm™. This signal increased up to 1.5 um height and then decreased. Scale bar, 10 um in (a).
Element analysis of the PM2.5 sample using SEM-EDX system. Airborne PM2.5 is a highly com-
plex and heterogeneous mixture of chemical and/or biological components'. Here, the composition of the PM2.5
used in this study was analysed by SEM-EDX (Energy Dispersive X-ray Spectroscopy). When the prepared
PM2.5 (suspended in PBS, sonicated and filtered through a 5 um filter) was directly observed by SE-ADM before
addition to the cells, particles of various sizes were observed. Various shapes of aggregates with sub-micrometre
dimensions were seen, but most of them were smaller than 2.5 um (Fig. 6a—c). Some other images are shown in
supplementary Figure 4a—f. We determined the elements of PM2.5 aggregates on SiN film using a SEM-EDX
system (Fig. 6d-f). One aggregate consisted of two big parts associated with a number of tiny particulates of
nanometre size (Fig. 6d). An X-ray spectrum in the whole image field showed several peaks, corresponding to
carbon (C), oxygen (O), magnesium (Mg), aluminium (Al), silicon (Si), phosphorus (P), sulfur (S), chloride
(C), and calcium (Ca). The lower part of the aggregate in Fig. 6d was primarily composed of carbon (Fig. 6f,
Scientific Reports | (2021) 11:228 | https://doi.org/10.1038/s41598-020-80546-0 nature research
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Figure 6. SE-ADM image of PM2.5 suspension and component analysis of PM2.5 using EDX. (a, b) SE-ADM image (30,000x) of
PM2.5 suspension obtained at 3 kV EB. The aggregates were seen to consist of small PM2.5 particulates. (c) A high magnification
(100,000 x) image of PM2.5 suspension obtained at 3 kV EB. (d) A single dried PM2.5 on a SiN film observed with SEM at

8000x magnification at 8 kV EB. (e) A characteristic X-ray spectrum of the PM2.5 in (d) using SEM-EDX system. The spectrum shows
peaks of carbon, oxygen, magnesium, aluminium, silicon, phosphorus, sulfur, chloride and calcium. (f) The element maps of PM2.5

in (d). The lower part of the PM2.5 primarily consisted of carbon, while oxygen and aluminium were primary elements in the upper
part of the PM2.5. (g) Schematic drawing of PM2.5 incorporation into a cell. Shortly after the addition of PM2.5, the particulates

are attached to the cell membrane, and a few are taken into the cell (left panel). About 5 h after addition, the incorporated PM2.5
particulates are gradually aggregated and covered with white membrane-like structures (centre panel). At around 9 h, the incorporated
particles are covered with the membrane-like structures (right panel). Scale bars, 200 nm in (a, b), 100 nm in (¢) and 2 pm in (d).
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upper panel C). In contrast, the upper part was composed of oxygen, aluminium and calcium, suggesting that
the upper part was primarily comprised of aluminium oxide (Fig. 6f). In addition, most of the aggregate surfaces
were covered with calcium, sulfur, phosphorus, and magnesium. Since a Si signal was detected due to the pres-
ence of the SiN film under the aggregate, the Si signal intensity was low on the aggregate. With a PM2.5 powder
sample, we obtained almost the same results as those with the PM2.5 suspended in PBS buffer (Supplementary
Figure 5). These results indicated that the prepared PM2.5 sample used in this study was composed of many
small particulates consisting of various elements.

Discussion

Air pollution has been recognized as an important public health problem all over the world>**. PM2.5, an air
pollutant, is known to be a significant health risk factor>*!*. Mammalian cultured cells can be used for the
analysis of biological effects of PM2.5>>!%, In previous studies'>'*!%!8, it was shown that PM2.5 was incorporated
into cells and caused serious defects in the gene expression level and oxidative and cellular stress. Also, changes
in cell structures by exposure to PM2.5 were observed using TEM, which can provide detailed analyses of cell
structures, showing that the PM2.5 was captured in autophagosomes'*!>!7. However, the cells in these reports
were observed after various preparation procedures, e.g. glutaraldehyde fixation, epoxy resin embedding, thin
section slicing and heavy metal staining. Thus, it was desirable to directly observe the effects of PM2.5 in living
cells without treatments such as staining and fixation.

Recently, we developed a novel imaging technology, scanning electron-assisted dielectric-impedance micros-
copy (SE-ADM), which enables direct observation of various intact biological specimens including living cells
in aqueous solutions®4,

The density of PM2.5 is much higher than that of the cell components. Therefore, almost all the PM2.5 par-
ticulates and aggregates in the cell or in water can be identified in the SE-ADM images. Supplementary Figure le
is an enlargement of the region between 20; to 80y of Fig. 3d to show the difference of the normalized intensities
in the presence and absence of PM2.5. Supplementary Figure 1f shows the area ratio in the images higher than
the threshold of 50; with or without PM2.5. When PM2.5 was not added, the statistical probability of particle
existence in the medium higher than 50; in the images is almost 0% (0.0006). Therefore, we can distinguish the
PM2.5 particulates from the cell components by using a threshold of 50; in the figures of pixel intensity.

Here we demonstrated incorporation of PM2.5 in human gingival epithelial cells (OBA9) at a nanometre
resolution. Five hours after the addition of PM2.5, many high-density particles were detected in the cells (Fig. 1f,
g). By the time course analysis (Fig. 2), captured particles in the cells were shown to become aggregates covered
with white-looking low-density membrane-like structures (Fig. 2a—c, 5 and 9 h). Shortly after the addition of
PM2.5 to the cells, the PM2.5 particulates may be attached to the cell membrane, and only a few particulates were
incorporated into the cells (Fig. 6g left panel). After 5 h of the addition of PM2.5 to the cells, the incorporated
PM2.5 particulates were gradually aggregated and covered with low-density intracellular membrane-like struc-
tures (Fig. 2, 5 hour panel and Fig. 6g center panel). After 9 h, the incorporated PM2.5 particulates were clearly
observed to be covered with the membrane-like structures (Fig. 2, 9 h panel and Fig. 6g right panel). Previous
studies'”'® suggested that PM2.5 induced an autophagy response in cells. Hence, the white-looking membrane-
like structures around PM2.5 aggregates in our images might be an autophagosomal structure. Since the spatial
resolution of our methods is 8 nm at this time, more detailed structure analysis can be carried out by TEM".

PM2.5 used in this study was an airborne particulate sample (NIES-CRM 28)* that was collected from a
central ventilating system of a building in Bejing city centre in China; the period of the collection was between
1996 and 2005. The diameter of the particles was less than 10 um. In this study, NIES-CRM 28 sample was filtered
through a PVDF membrane with pores of 5 um after being suspended in PBS and being sonicated. The size of
the particles was mostly smaller than 2.5 pm (Figs. 2d, 6a—c). It was shown'** that ordinary PM2.5 samples are
composed of various elements such as carbon, sulfur, phosphorus and metals'*. In order to determine the ele-
ments of the PM2.5 used here, we employed a SEM-EDX system and found that the PM2.5 was in fact primarily
consisted of carbon, sulfur, phosphorus, aluminium, calcium and magnesium (Fig. 6e, f). Carbon of the PM2.5
shows strong Raman peaks at 1354 and 1575 cm™" (Supplementary Figure 3)%, different from carbon atoms in
cell components such as proteins, fat and DNA*"-3. Therefore, the carbon peaks above are highly likely due to
the PM2.5 inside the cells. In order to unambiguously prove the incorporation of PM2.5 into the cells, the cells
were observed at 5 h after the addition by PM2.5 under a confocal-Raman-microscope to detect the carbon peaks
(Fig. 5). The carbon peaks at 1354 and 1575 cm™! were in fact detected inside the cells (Fig. 5¢), demonstrating
that PM2.5 s were indeed incorporated into the cells. Since we fixed and dried the cells before confocal Raman
microscopic analysis, we confirmed the same appearance of the cells by low voltage SEM analysis. As shown in
supplementary Figure 6, intact cell surfaces could be discerned and very few PM2.5 aggregates were detected
on the cell surface after thorough washing when PM2.5 was added to the cells.

In conclusion, we were successful in direct observation of the incorporation of PM2.5 into mammalian
cultured cells in aqueous media using SE-ADM system. We also detected the aggregates of PM2.5 in the intact
cells. Those aggregates were covered with intracellular membrane-like structures. Also, we demonstrated that
the PM2.5 aggregates were not on the cell surface but inside the cells, using confocal Raman microscopy. For
providing first insights, the methods described here are very appropriate tools, but for further, more detailed
insights, TEM analysis should be performed. Our methods can be applied to observation of various other nano-
particles in cells in aqueous media.
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Materials and methods
OBA9 and 4T1E/M3 cell culture. OBAY, a human gingival epithelial cell line, was established as previ-
ously described*?® and cultured in HuMedia-KG2 (Kurabo Industries Ltd. Osaka, Japan) containing insulin
(10 mg/mL), hEGF (0.1 ug/mL), and hydrocortisone (0.67 mg/mL) at 37 °C under 5% CO,.

4T1E/M3, a mouse breast cancer cell line, was established as previously described®~*” and cultured in high-
glucose RPMI-1640 medium (Fuji film Wako, Tokyo, Japan) containing 10% fetal bovine serum (GIBCO Thermo
Fisher Scientific) and 20 mM HEPES (Fuji film Wako) at 37 °C under 5% CO,. Cells (4 x 10%, 1.5 mL/dish) were
cultured on a 50 nm thick SiN film in a hand-made culture dish holder?.

After 3-4 days of culture, the cells in the holder formed a confluent monolayer on the SiN film in the holder.

Preparation of PM2.5 and addition to cells. PM2.5 used in this study was Environmental Certified
Reference Materials (CRM) No.28, urban aerosols, from National Institute of Environmental Studies (Tsukuba,
Japan)®*. The origin of this material is atmospheric particulate matter collected on filters in a central ventilating
system in a building in Beijing city center over a period of 10 years (1996-2005).

The PM2.5 (CRM No.28) was suspended in PBS (20 mg/mL), vortexed for 30 s, sonicated for 4 h (Sonorex
TK30, BANDELIN electronic GmbH, Berlin Germany), filtered through Ultrafree-MC (Durapore PVDF 5 um
membrane, Merck Millipore Ltd.) by centrifugation for 4 min at 12,000xg at room temperature in a TX-201
centrifuge (Tomy Seiko, Tokyo, Japan). Since an average of 87% (w/w) of PM2.5, the majority of which should be
large aggregates, was removed by the filtration, the final concentration of 2.6 mg/mL PM2.5 was used for addi-
tion to the cells and in the element analysis by SEM-EDX. After the formation of a cell monolayer, the medium
was removed and fresh medium (900 pL/dish) was added to the monolayer. Next, the PM2.5 sample suspension
prepared (100 uL/dish) was added to the cell monolayer in the culture dish holder and incubated for 3-24 h at
37 °C under 5% CO,. Then the cells in the culture dish holder were washed 3 times with fresh culture medium
(1.5 mL each/dish). Next, the Al holder containing cultured cells was separated from the plastic culture dish
and attached to another SiN film on a square acrylic plate and sealed to mount on the sample stage of SE-ADM
as described previously?.

Liquid sample culture dish holders.  Theliquid sample holder of the SE-ADM system was made as previ-
ously described??2. Briefly, the liquid sample holder comprising of an upper Al holder and lower acrylic resin
portion held the cell culture solution at atmospheric pressure between the SiN films*"?2,

OBAY cells or 4T1E/M3 cells (1.5 mL/dish) were cultured in the dish holder. These cells formed a sub-con-
fluent or completely confluent monolayer on the SiN membrane in the holder after 3-4 days. Next, the Al holder
with a cell monolayer was separated from the plastic culture dish, attached upside down to another SiN film on
an acrylic plate and sealed. The Al holder received a voltage bias of approximately —9 V in the SE-ADM system.

High-resolution SE-ADM system and FE-SEM setup. The handmade SE-ADM imaging system was
attached to a FE-SEM (JSM-7000E, JEOL, Tokyo, Japan, and SU5000, Hitachi High-Tech Corp) (Fig. 1a). The lig-
uid sample holder was mounted onto the SEM stage and the detector terminal was connected to a pre-amplifier
under the holder?!. The electrical signal from the pre-amplifier was fed into the AD converter?'. The SEM images
(1280 % 1020 pixels) were captured at 1000-100,000x magnification with a scanning time of 80 s, a working dis-
tance of 7 mm, an EB acceleration voltage of 3-10 kV and a current of 1-10 pA.

SE-ADM signal data from the AD converter were transferred to a personal computer (Intel Core i7, 3.2 GHz,
Windows 10) and high-resolution SE-ADM images were processed from the LPF signal and scanning signal
using the image-processing toolbox of MATLAB R2018a (Math Works Inc., Natick, MA, USA). The original
SE-ADM images were filtered using a 2D Gaussian filter (GF) with a kernel size of 11 x 11 pixels and a radius
of 1.20. Background subtraction was achieved by subtracting SE-ADM images from the filtered images using a
broad GF (400 x 400 pixels, 2000).

Raman microscopy. OBAY cells on the glass bottom dish (Matsunam glass Ltd, Osaka, Japan) were added
with PM2.5 and fixed by 4% PFA (Wako, Japan) after removing the culture medium. After washing with water
three times, the dried cells were investigated under a confocal Raman microscope using a 532-nm Nd:YAG laser
(alpha300R, WITech, Ulm, Germany). Spectra were acquired with a Peltier-cooled charge-coupled device detec-
tor (DV401-BV, Andor, UK) with 300 gratings/mm (UHTS 600, WITec, Germany). WITec suite (version 5.0,
WITec, Germany) was used for data acquisition. Raman spectral data were plotted using Origin 2015] (Origin-
Lab Co., Northampton, MA USA) and MATLAB R2018a.

SEM-EDX spectrometric analysis. SEM-EDX spectrometric analysis images of PM2.5 on the SiN film
were observed using JSM-5600LV and JED2140 EDX spectrometric systems (JEOL, Japan) at 10 kV and 50-100
pA. The EDX spectroscopic data and the element map images were detected at 10 kV and 200- to 300-pA current
of EB. The observation time of spectrum or map was 100 or 1000 s, respectively.

Calculation of the diameter of PM2.5 aggregates of SE-ADM images. PM2.5 aggregates of SE-
ADM images showed extremely high pixel intensity. The diameters of individual PM2.5 aggregates were meas-
ured on the assumption that the aggregates could be treated as a circle on a 2D image. In order to determine
which were aggregates, regions having a pixel intensity of 5 times standard deviation or more were judged to
contain PM2.5 particulates. As seen in the Supplementary Figure lc, the pixel intensity profile did not show a
Gaussian distribution but was skewed to the right side from the median. For this reason, the left side from the
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median was employed to calculate the standard deviation, o;. Those pixels of the image (Supplementary Fig-
ure 1c) with a value of more than 5 times o; were counted, while the other points were not counted, to convert
the image into a binary one (Supplementary Figure 1d) and the diameters of individual PM2.5 aggregate regions
was calculated to make Fig. 2e, f.

Measurement of the PM2.5 region in cells in the time course experiments. The region of indi-
vidual PM2.5 aggregates in the SE-ADM image (3, 5, 9, 24 h after addition) was calculated using the black
region whose pixel intensity was higher than 5 times standard deviation (o;) from the average (Supplementary
Figure 1c). For each image, o; (standard deviation of the left side from the median) was calculated after making
the histogram of each image in the same way as shown in Supplementary Figure 1. For generating Fig. 2d, the
average areas of PM2.5 aggregates were measured using 6 to 10 images at each time point (6 images for 5 h, 7
images for 9 h, 9 images for 24 h). In each image, the area of PM2.5 aggregates per 1000 um?* image, which should
correspond to an approximate area of a single cell (33 pm x 33 um), was measured. For generating Fig. 2e, f, the
numbers of the PM2.5 particles analyzed were 180 for 5 h, 73 for 9 h, and 75 for 24 h, respectively. One-way
ANOVA with Origin 2015 J was used for statistical analysis (Fig. 2d and Supplementary Figure 1f).

Comparison of the SE-ADM image with or without addition of PM2.5 to cells. Using 6-10 SE-
ADM images of the cells, typical examples of which are shown in supplementary Figure 2 with (a—c) or without
(d-f) addition of PM2.5, pixel intensity profiles were calculated and the averaged peak profile was drawn for
the control and that with PM2.5 added. To compare the shape of the peak profiles, the intensity (height) of the
peaks was normalized and the standard deviation (o) from the position of the peak summit was plotted on the
horizontal axis shown in Fig. 3d, e.

Reporting summary. Further information on research design is available in the Nature Research Report-
ing Summary linked this article.

Data availability
All data generated or analysed during this study are presented in this paper or in the Supplementary Information.
All the raw data files or spectra are available from the corresponding authors on reasonable request.

Received: 28 September 2020; Accepted: 21 December 2020
Published online: 08 January 2021

References
1. Canagaratna, M. R. et al. Chemical and microphysical characterization of ambient aerosols with the aerodyne aerosol mass spec-
trometer. Mass Spectrom. Rev. 26, 185-222 (2007).
2. Abbas, I. et al. Air pollution particulate matter (PM, 5)-induced gene expression of volatile organic compound and/or polycyclic
aromatic hydrocarbon-metabolizing enzymes in an in vitro coculture lung model. Toxicol. Vitro 23, 37-46 (2009).
. Brunekreef, B. & Holgate, S. T. Air pollution and health. Lancet 360, 1233-1242 (2002).
4. Goettems-Fiorin, P. B. et al. Fine particulate matter potentiates type 2 diabetes development in high-fat diet-treated mice: stress
response and extracellular to intracellular HSP70 ratio analysis. J. Physiol. Biochem. 72, 643-656 (2016).
5. Yin, J. et al. COX-2 mediates PM2.5-induced apoptosis and inflammation in vascular endothelial cells. Am. J. Transl. Res. 9,
3967-3976 (2017).
6. Sun, Q. et al. Ambient air pollution exaggerates adipose inflammation and insulin resistance in a mouse model of diet-induced
obesity. Circulation 119, 538-546 (2009).
7. Al-Kindi, S. G., Brook, R. D., Biswal, S. & Rajagopalan, S. Environmental determinants of cardiovascular disease: lessons learned
from air pollution. Nat. Rev. Cardiol. https://doi.org/10.1038/s41569-020-0371-2 (2020).
8. U.S. Environmental Protection Agency, Integrated science assessment (ISA) for particulate matter, Research Triangle Park, NC,
EPA/600/R-19/188 (2019).
9. Fajersztajn, L., Veras, M., Barrozo, L. V. & Saldiva, P. Air pollution: a potentially modifiable risk factor for lung cancer. Nat. Rev.
Cancer 13, 674-678 (2013).
10. Saint-Georges, E. et al. Role of air pollution Particulate Matter (PM, ) in the occurrence of loss of heterozygosity in multiple critical
regions of 3p chromosome in human epithelial lung cells (L132). Toxicol. Lett. 187, 172-179 (2009).
11. Oh,S. M, Kim, H. R,, Park, Y. ], Lee, S. Y. & Chung, K. H. Organic extracts of urban air pollution particulate matter (PM, 5)-induced
genotoxicity and oxidative stress in human lung bronchial epithelial cells (BEAS-2B cells). Mutat. Res. 723, 142-151 (2011).
12. MohseniBandpi, A., Eslami, A., Shahsavani, A., Khodagholi, E & Alinejad, A. Physicochemical characterization of ambient PM, 5
in Tehran air and its potential cytotoxicity in human lung epithelial cells (A549). Sci. Total Environ. 593, 182-190 (2017).
13. Sancini, G. et al. Health risk assessment for air pollutants: alterations in lung and cardiac gene expression in mice exposed to
milano winter fine particulate matter (PM, s). PLoS ONE 9, 109685 (2014).
14. Zhou, W. et al. Exposure scenario: Another important factor determining the toxic effects of PM, 5 and possible mechanisms
involved. Environ. Pollut. 226, 412-425 (2017).
15. Laing, S. et al. Airborne particulate matter selectively activates endoplasmic reticulum stress response in the lung and liver tissues.
Am. ]. Physiol. Cell Physiol. 299, C736-C749 (2010).
16. Kampa, M. & Castanas, E. Human health effects of air pollution. Environ. Pollut. 151, 362-367 (2008).
17. Dornhof, R. et al. Stress fibers, autophagy and necrosis by persistent exposure to PM, ; from biomass combustion. PLoS ONE 12(7),
€0180291 (2017).
18. Vincent, R. et al. Regulation of promoter-CAT stress genes in HepG2 cells by suspensions of particles from ambient air. Fund.
Appl. Toxicol. 39, 18-32 (1997).
19. Fu, Q. L. et al. Airborne particulate matter (PM, 5) triggers autophagy in human corneal epithelial cell line. Environ. Pollut. 227,
314-322 (2017).
20. Ogura, T. Direct observation of unstained biological specimens in water by the frequency transmission electric-field method using
SEM. PLoS ONE 9, €92780 (2014).
21. Ogura, T. Nanoscale analysis of unstained biological specimens in water without radiation damage using high-resolution frequency
transmission electric-field system based on FE-SEM. Biochem. Biophys. Res. Commun. 459, 521-528 (2015).

w

Scientific Reports |

(2021) 11:228 | https://doi.org/10.1038/s41598-020-80546-0 nature research


https://doi.org/10.1038/s41569-020-0371-2

www.nature.com/scientificreports/

22. Okada, T. & Ogura, T. Nanoscale imaging of untreated mammalian cells in a medium with low radiation damage using scanning
electron-assisted dielectric microscopy. Sci. Rep. 6, 29169 (2016).

23. Okada, T. & Ogura, T. High-resolution imaging of living mammalian cells bound by nanobeads-connected antibodies in a medium
using scanning electron-assisted dielectric microscopy. Sci. Rep. 7, 43025 (2017).

24. Iwayama, T. et al. Osteoblastic lysosome plays a central role in mineralization. Sci. Adv. 5, eaax0672 (2019).

25. Kusumoto, Y. et al. Human gingival epithelial cells produce chemotactic factors interleukin-8 and monocyte chemoattractant
protein-1 after stimulation with Porphyromonas gingivalis via toll-like receptor 2. J. Periodontol. 75, 370-379 (2004).

26. Kajiya, M. et al. Aggregatibacter actinomycetemcomitans Omp29 is associated with bacterial entry to gingival epithelial cells by
F-actin rearrangement. PLoS ONE 6, €18287 (2011).

27. Okada, T. & Ogura, T. Nanoscale imaging of the adhesion core including integrin 1 on intact living cells using scanning electron-
assisted dielectric-impedance microscopy. PLoS ONE 13, €0204133 (2018).

28. Ogura, T. & Okada, T. Nanoscale observation of the natural structure of milk-fat globules and casein micelles in the liquid condi-
tion using a scanning electron assisted dielectric microscopy. Biochem. Biophys. Res. Commun. 491, 1021-1025 (2017).

29. Tuinstra, F. & Koenig, J. L. Raman spectrum of graphite. J. Chem. Phys. 53, 1126-1130 (1970).

30. Biswas, N., Waring, A. J., Walther, E. J. & Dluhy, R. A. Structure and conformation of the disulfide bond in dimeric lung surfactant
peptides SP-B, ,; and SP-Bg_,5. Biochem. Biophys. Acta 1768, 1070-1082 (2007).

31. Matthaus, C. et al. Infrared and raman microscopy in cell biology. Method Cell Biol. 89, 275-308 (2008).

32. Ichimura, T. et al. Visualizing cell state transition using Raman spectroscopy. PLoS ONE 9, 84478 (2014).

33. Kopec, M., Imiela, A. & Abramczyk, H. Monitoring glycosylation metabolism in brain and breast cancer by Raman imaging. Sci.
Rep. 9, 36622 (2019).

34. Mori, L. et al. Development and certification of the new NIES CRM 28: urban aerosols for the determination of multielements.
Anal. Bioanal. Chem. 391, 1997-2003 (2008).

35. Takahashi, M. et al. A highly bone marrow metastatic murine breast cancer model established through in vivo selection exhibits
enhanced anchorage-independent growth and cell migration mediated by ICAM-1. Clin. Exp. Metastas 25, 517-529 (2008).

36. Takahashi, M. et al. Chemokine CCL2/MCP-1 negatively regulates metastasis in a highly bone marrow-metastatic mouse breast
cancer model. Clin. Exp. Metastas 26, 817-828 (2009).

37. Sakai, H. et al. Augmented autocrine bone morphogenic protein (BMP) 7 signaling increases the metastatic potential of mouse
breast cancer cells. Clin. Exp. Metastas 29, 327-338 (2012).

Acknowledgements
We thank Ms. Yoko Ezaki and Ms. Miho Iida for their excellent technical assistance. This study was supported
by JST CREST (PMJCR19H2), JSPS KAKENHI Grants-in-Aid (19H03230, 19H05568, 19K22442).

Author contributions

T.Okada and T.Ogura designed and performed the research. T.Ogura designed and developed the SE-ADM
system and culture dish holder. T.Okada and T.Ogura contributed to obtaining the experimental data and writ-
ing the manuscript. T.I., S.M. and M.T. discussed and technically supported the study. All authors read and
approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
0rg/10.1038/s41598-020-80546-0.

Correspondence and requests for materials should be addressed to T.O.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:228 | https://doi.org/10.1038/s41598-020-80546-0 nature research


https://doi.org/10.1038/s41598-020-80546-0
https://doi.org/10.1038/s41598-020-80546-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Nanoscale observation of PM2.5 incorporated into mammalian cells using scanning electron-assisted dielectric microscope
	Results
	Observation of OBA9 and 4T1EM3 cells with PM2.5 under aqueous condition using SE-ADM system. 
	Detection of PM2.5 inside OBA9 cells using a confocal Raman microscope. 
	Element analysis of the PM2.5 sample using SEM–EDX system. 

	Discussion
	Materials and methods
	OBA9 and 4T1EM3 cell culture. 
	Preparation of PM2.5 and addition to cells. 
	Liquid sample culture dish holders. 
	High-resolution SE-ADM system and FE-SEM setup. 
	Raman microscopy. 
	SEM–EDX spectrometric analysis. 
	Calculation of the diameter of PM2.5 aggregates of SE-ADM images. 
	Measurement of the PM2.5 region in cells in the time course experiments. 
	Comparison of the SE-ADM image with or without addition of PM2.5 to cells. 
	Reporting summary. 

	References
	Acknowledgements


