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Numerous studies have linked a wide range of diseases including respiratory illnesses to harmful particulate matter (PM) 

emissions indoors and outdoors, such as incense PM and industrial PM. Because of their ability to penetrate the lower 

respiratory tract and the circulatory system, fine particles with diameters of 2.5 µm or less  (PM2.5) are believed to be more 

hazardous than larger PMs. Despite the enormous number of studies focusing on the intracellular processes associated with  

PM2.5 exposure, there have been limited reports studying the biophysical properties of cell membranes, such as nanoscale 

morphological changes induced by  PM2.5. Our study assesses the membrane topographical and structural effects of  PM2.5 

from incense  PM2.5 exposure in real time on A549 lung carcinoma epithelial cells and SH-SY5Y neuroblastoma cells that 

had been fixed to preclude adaptive cell responses. The size distribution and mechanical properties of the  PM2.5 sample 

were characterized with atomic force microscopy (AFM). Nanoscale morphological monitoring of the cell membranes 

utilizing scanning ion conductance microscopy (SICM) indicated statistically significant increasing membrane roughness at 

A549 cells at half an hour of exposure and visible damage at 4 h of exposure. In contrast, no significant increase in roughness 

was observed on SH-SY5Y cells after half an hour of  PM2.5 exposure, although continued exposure to  PM2.5 for up to 4 h 

affected an expansion of lesions already present before exposure commenced. These findings suggest that A549 cell 

membranes are more susceptible to structural damage by  PM2.5 compared to SH-SY5Y cell membranes, corroborating more 

enhanced susceptibility of airway epithelial cells to exposure to  PM2.5 than neuronal cells.  SICM · Particulate 

matter · Membrane topography · Single-cell imaging 

With growing population density, vehicular usage, and 

corporate emissions, among many other sources of pollution, 

particulate matter (PM) has exponentially grown into  
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a significant concern for the health and safety of the global 

population, especially in heavily polluted urban cities such 

as Los Angeles, CA, USA [1–3]. PM pollution is also 

associated with indoor activities such as incense stick 

burning, cooking, cigarette smoking, fireplace utilization, 

and ventilation systems [4–6]. Fine particles with diameters 

of 2.5 µm or less are specified as P M2.5, which are believed 

to be more hazardous than larger PMs because of the ability 

of P M2.5 to penetrate the circulatory system and the lower 

respiratory tract, increasing respiratory and cardiovascular 

diseases [7–10].  PM2.5 can increase free radical production 

(e.g., hydroxyl radical, •OH) in human cells, consume 

antioxidant ingredients, and cause oxidative stress [11].  

PM2.5-induced oxidative stress plays a key role in autophagy 

in lung cells and may contribute to the impairment of 

pulmonary function [12]. Elevated production of •OH can 
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cause oxidative damage to DNA, further inducing 

teratogenesis, carcinogenesis,  
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mutagenesis, and other irreversible damages [7, 13]. Other 

hypothesized mechanisms for the damaging effects of P M2.5 

include imbalanced intracellular calcium homeostasis and 

inflammatory injury [7], and reduction of the mitochondrial 

dehydrogenase activity [14]. Long-term  PM2.5 exposure was 

also associated with increased risks of neurological disorders 

such as dementia, Alzheimer’s disease, and Parkinson’s 

disease [15–19]. There are multiple possible pathways for 

PM 2.5 to damage the integrity of the blood-brain barrier and 

penetrate the brain and cause harm [20, 21]. Intracellular 

effects of harmful P M2.5, such as decreased ATP levels, 

increased C a2+ levels, oxidative stress, inflammation, and an 

increase of mitochondrial function as exposure time 

increases, have been reported for neuronal systems [22–25]. 

Despite the enormous number of studies focusing on the 

intracellular processes associated with P M2.5 exposure, there 

have been limited reports on studying the biophysical 

properties of cell membranes, such as nanoscale 

morphological changes, that are associated with P M2.5. 

Expanding on how particulate matter affects cellular 

membrane structure can provide new insight into the 

mechanism of P M2.5-induced cell damage and add valuable 

information to the intersection of health consequences and 

the environmental particulate matter issue. In addition, most 

reported works focused on biological processes that occurred 

upon long-term exposure (> 24 h) to  PM2.5. Being able to 

monitor the effect during the initial stage of exposure (up to 

4 h) would also be important to understand how the damage 

is initiated. 

Here we report on the effect of short-term P M2.5 exposure 

on human cell membranes at the nanoscale using scanning 

ion conductance microscopy (SICM). SICM is a 

topographical imaging technique that utilizes the ionic 

current that flows between an electrode inside a nanopipette 

and a second electrode that resides in the bulk solution as a 

surfacesensitive feedback signal to map the sample’s 

topography [26–28]. Importantly, SICM can image the cell 

membrane topographies with nanometer precision without 

using chemical probes and is not likely to damage or distort 

biological samples throughout imaging since it exerts a 

negligible force on the sample [29, 30]. From the SICM 

images, membrane roughness, defined as the root-mean-

square deviation of z-heights across the membrane surface, 

can be extracted and used to evaluate the membrane 

topographical changes [31, 32]. Two cell lines, the lung-

derived cell line A549 and the neuroblastoma-derived cell 

line SH-SY5Y, were chosen as models to mimic the toxic 

effect of  PM2.5 on human cells and compare the effect on 

different cell lines. The former are adenocarcinoma human 

alveolar type II–like epithelial cells, commonly used as 

models for the study of lung diseases [33, 34], and have been 

extensively applied to study  PM2.5-induced cell toxicities 

[12, 35–38]. SH-SY5Y cells are commonly used to mimic 

neuronal cells for the studies of neurological disorders [39, 

40] and have been used for studying  PM2.5 exposure–

induced cytotoxicity, mitochondrial dysfunction and 

oxidative stress, and apoptosis [22, 23, 41]. Both A549 and 

SH-SY5Y cells were exposed to  PM2.5 collected from 

incense stick burning, and the morphological changes were 

monitored with SICM and compared. Cells had been fixed 

before P M2.5 exposure to prolong the imaging time, preclude 

different cell adaptive responses or quick cell death–induced 

topographical changes, and highlight the physical changes of 

the cell membranes [31, 42, 43]. Fixation itself has been 

proven not to significantly affect the membrane topography 

in SICM images [29]. 

Phosphate-buffered saline (PBS) tablets (Thermo Fisher  

Scientific, Waltham, MA); PBS 1X solution (Corning,  

Durham, NC); formaldehyde solution (37.0%, 

SigmaAldrich, St. Louis, MO); 4% paraformaldehyde (Santa 

Cruz Biotechnology, Inc, Dallas, TX); F12-K medium 

supplemented with 2 mM l-glutamine and 1500 mg/L 

sodium bicarbonate (ATCC, Manassas, VA); Dulbecco’s 

modified Eagle medium (DMEM) with Ham’s F-12 nutrient 

mixture, l-glutamine, and HEPES (Corning, Durham, NC); 

fetal bovine serum (heat inactivated, Corning, Durham, NC); 

and penicillin-streptomycin (Research Product International, 

Mount Prospect, IL) were used without further purification. 

All solutions were prepared from double-deionized water 

(resistivity = 18.2 MΩ*cm at 25 °C, Milli-Q Ultrapure water 

EQ 7000 Purification System, MilliporeSigma, Burlington, 

MA). Unless stated otherwise, disposable materials were 

purchased from Thermo Fisher Scientific. PBS solutions 

prepared from tablets were filtered through a 0.02-μm pore 

size syringe filter (Thermo Fisher Scientific, Waltham, MA). 

The A549 cell line was obtained from ATCC. Cells were 

thawed according to the manufacturer’s instructions, seeded 

in 35-mm Petri dishes (about 1 ×  106 cells per dish), and 
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incubated in F-12 K medium containing 2 mM l-glutamine, 

1500 mg/L sodium bicarbonate, and 10% FBS at 37 °C and 

5%  CO2 until 40% confluency was reached. Before SICM 

imaging and  PM2.5 exposure, to preclude adaptive cell 

responses, the cells were fixed for 10 min at room 

temperature using 3.7% formaldehyde (diluted from 37% 

stock solution with PBS), washed briefly with PBS, and then 

submerged in 3 mL of filtered PBS. 

‑

SH-SY5Y neuroblastoma cells were obtained from ATCC 

and grown under standard culture conditions (37 °C and 5% 

carbon dioxide) in Dulbecco’s modified Eagle medium with 

Ham’s F-12 nutrient mixture, l-glutamine, and HEPES 

supplemented with fetal bovine serum (10% v/v) and 

penicillin-streptomycin (1%). Trypsin (0.25%) was used to 

detach cells from culture plates for sample splitting. Cells 

were then cultured in 35-mm Petri dishes until 40% 

confluency was reached. Prior to SICM imaging and  PM2.5 

exposure, to preclude adaptive cell responses, the cells were 

fixed for 10 min using 4% paraformaldehyde at room 

temperature, washed briefly with PBS, and then submerged 

in 3 mL of filtered PBS. 

Collection of  PM2.5 was adapted from similar collection 

methods [4–6].  PM2.5 samples for cell exposure tests were 

collected from burning a Kayuragi incense stick (Nippon 

Kodo, Inc., Torrance, CA.). Specifically, the burning smoke 

from a stick was collected by a 50-mL conical tube for 15 

min, followed by adding 10 mL of filtered PBS solution and 

sonicating for 15 min. P M2.5 was always freshly collected 

for each test. Prior to exposure, SICM images were collected 

at individual fixed cells. For  PM2.5 exposure, the PBS 

solution in the petri dish of fixed cells was carefully removed 

and replaced with the same volume of the  PM2.5 solution. 

The cells were exposed to  

 PM2.5 for 30 min prior to P M2.5 removal and the addition of 

fresh, filtered PBS before imaging post-exposure. For the 

exposure experiments of up to 4 h, continuous SICM 

imaging was conducted without removing the P M2.5 

solution. For negative control tests, the PBS solution in the 

petri dish was removed and restored with the same volume 

of the same PBS solution. 

Nanopipette SICM probes were pulled from quartz 

capillaries (1.0 mm outer diameter, 0.50 mm inner diameter, 

7.5 cm length, Sutter Instruments, Novato, CA) using a P-

2000 laser-based micropipette puller (Sutter Instruments). A 

typical pulling program is heat = 780, filament = 4, velocity 

= 15, delay = 120, and pull = 115, which have been 

confirmed to produce nanopipettes with a radius of 70–100 

nm [44]. The nanopipettes were filled with filtered PBS and 

fitted with Ag/AgCl electrodes. All images were acquired 

with a Park NX12 multifunctional microscopy platform 

(Park Systems) equipped with a detachable SICM head, 

mounted on a Nikon Ti-U inverted optical microscope 

(Nikon Inc.), and operated with SmartScan (Park Systems). 

A CCD camera (Pike F-032B, Allied Vision, Exton, PA) was 

connected to the optical microscope to assist in probe 

positioning. 

Fixed cells in PBS were brought into focus to choose a 

single cell for imaging. The pipette probe was immersed in 

the PBS solution, and a potential bias was applied between 

the pipette and bath electrodes to give an electrolytic current 

of 1 nA. After the probe was positioned above a target cell, 

it was approached incrementally with a set point of 98% of 

the baseline current. Images were acquired in approach-

retractscan (ARS) mode. Unless otherwise stated, all images 

were acquired at the pixel resolution of 128 × 128. SICM 

images were processed with XEI (Suwon, South Korea). For 

every pair of before and after exposure scans at the same 

location, the membrane roughness was measured as the root-

meansquare deviation of z-heights across the membrane 

surface in five cropped sections of 1–3 µm size while 

avoiding membrane structures. All values were extracted 

after flattening the cropped sections with regression order 2 

using XEI. A two-sample t test with unequal variance 

(Microsoft Excel 15.0, Microsoft Corporation, Redmond, 

WA) was then performed to determine the significance of 

roughness changes. 

‑

Prior to exposure, the size distribution and mechanical 

properties of the  PM2.5 sample, collected either by  
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Representative 

brightfield images of A549 cells 

before (A) and during (B)  PM2.5 

exposure. The scale bar is 

representative of 100 μm 
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◂ Representative SICM images and height profiles of A549 

epithelial lung cells. A–D Control trial images of an A549 cell before 

(A, C) and after replacing the solution with PBS and subsequent 

incubation for 30 min (B, D). G–J, M–P, S–V Images from three 

independent experimental trials of P M2.5 exposure before (G, H; M, 

N; S, T) and after (I, J; O, P; U, V) 30 min of  PM2.5 exposure. Within 

each trial, the top two are whole-cell images with the scale bar of 5 

μm, while the bottom two are zoom-in scans of the areas labeled by 

the dashed boxes with the scale bar of 2 μm. Whole-cell images were 

not processed, while the zoom-ins were second-order flattened using 

XEI to better present the surface features. E, F; K, L; Q, R; W, X 

Height profiles extracted from the zoom-in SICM images (C, D; I, J; 

O, P; U, V) either before (black) or after (red) treatment, with the 

location labeled by the dashed lines in the corresponding images. In 

each trial, the left set of height profiles refer to the top dashed line 

while the right to the bottom dashed line. White arrows point to 

examples of membrane protrusions that diminished after exposure 

directly adhering to a flat mica substrate during burning or 

depositing to a petri dish in solution to mimic the cell 

exposure condition, were characterized with atomic force 

microscopy (AFM). The experimental details and the 

results and discussion can be found in the supporting 

information. Briefly, AFM topography characterization 

(Fig. S1) has demonstrated that the sample meets  PM2.5 

standards with  > 90% particles being under 2.5 µm. The 

adhesion force (Fig. S2) from 14 different particles shows a 

mean ± 95% CI of (− 14.7 ± 4.9) nN, which is similar to  − 

25 nN reported by Shi et al. [45]. Such a high adhesiveness 

is believed to increase the retaining of toxic chemicals and 

might play a key role in the delivery of pollutants to human 

cells [45]. 

Figure 1 shows an example of A549 cell exposure to  

PM2.5 monitored under a bright-field microscope (10×). 

Before exposure, the area under observation was clear of 

particles (Fig. 1A), while after replacing the medium with a  

PM2.5 solution, particles of various sizes appeared. The 

majority of the particles are around or under micrometers in 

size, as expected by AFM, although a few very large 

particles (tens of micrometers) were also present, which 

were not caught by the AFM characterization likely due to 

the limitation of scanning size. We have avoided imaging 

cells that are impacted by these oversized particles. 

The membrane morphological changes due to exposure to  

PM2.5 at both A549 epithelial cells and SH-SY5Y cells were 

monitored with SICM. We conducted one control trial and 

three independent experimental trials for each cell line. In 

each trial, a single cell was selected and scanned for a full 

image, from which two to three sub-cell locations were 

scanned to provide information at a higher resolution. 

Representative SICM images from A549 epithelial cells are 

shown in Fig. 2. A549 cells are often used as models of 

alveolar type II pulmonary epithelial cells enriched with 

membrane protrusions [46, 47], which increase the surface 

area of the cell exposed to the lumen and reflect ongoing 

secretion into the lumen [48]. As shown in Fig. 2, all trials, 

including the control, showed that the protrusions on the cell 

surface (see white arrows pointing at examples) diminished 

after the treatment with either PBS or  PM2.5, suggesting that 

the protrusions are very sensitive to the movement of the 

surrounding solution regardless of the solution composition. 

However, a roughness increase across the cell membrane, 

excluding the protrusions, was only observed in the  PM2.5-

exposed trials but not in the control trials. It was most 

apparent in trial 3 when comparing Fig. 2 U and V, where V 

obviously has more roughness. Height profiles were 

extracted to present a more direct comparison of the 

membranes. The peak-to-peak roughness of the height 

profiles in trial 3 obviously increased from  ~ 20 nm (Fig. 

2W, black) before to  > 50 nm (Fig. 2W, red) after exposure. 

Statistical comparisons 

of the mean roughness values 

before and after treatment for 

all scans on A549 cells. Data 

are the mean ± SD, n = 5; ns = 

not significant, *p < 0.05, **p 

< 0.01, and ***p < 0.001. All 

trials were normalized by the 

mean roughness of the 

corresponding before-exposure 

data 
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◂ Representative SICM images of SH-SY5Y cells. A–D Control 

trial images of an SH-SY5Y cell before (A, C) and after replacing the 

solution with PBS and subsequent incubation for 30 min (B, D). G–J, 

M–P, S–V Images from three independent experimental trials of  

PM2.5 exposure before (G, H; M, N; S, T) and after (I, J; O, P; U, V) 

30 min of P M2.5 exposure. Within each trial, the top two are whole-

cell images with the scale bar of 5 μm, while the bottom two are zoom-

in scans of the areas labeled by the dashed boxes with the scale bar of 

2 μm. Whole-cell images were not processed, while the zoom-ins were 

second-order flattened using XEI to better present the surface features. 

E, F; K, L; Q, R; W, X Height profiles extracted from the zoom-in 

SICM images on top of them either before (black) or after (red) 

treatment, with the location labeled by the dashed lines in the 

corresponding images. In each trial, the left set of height profiles refer 

to the top dashed line while the right to the bottom dashed line 

We further quantified the mean membrane roughness of 

every pair of images obtained before and after exposure and 

statistically compared them. The detailed description of this 

part of data analysis can be found in the supporting 

information with Fig. S3. The roughness values before and 

after treatment were then statistically compared using a t 

test. Figure 3 shows the roughness comparison for all A549 

trials. Six out of the eight total scans from three independent 

A549 exposure trials showed a statistically significant 

increase in roughness, while none of the control scans did. 

Note that each trial contained multiple scans of different 

locations on a single cell; thus, the discrepancy in roughness 

analysis among trials (trials 1 vs. trials 2 and 3) can be 

attributed to the cell of interest in each trial interacting with 

different amounts of particles in solution. This also 

highlights the capability of revealing the sample 

heterogeneity by conducting single-cell analysis. As for the 

control, only the second scan showed a significant change, 

but it was a decrease in roughness instead of an increase. An 

increase in membrane roughness can indicate the particles 

adhering to the surface of the membrane [35], which could 

subsequently trigger several changes in live cells. Soca-

Chafre et al. have shown that PM exposure promotes 

upregulation of the expression of adhesion molecules, 

causing an increase in cellular adhesion of particles in vitro 

[38]. As adhesion occurs on the membrane, particles can 

inhibit substance exchange and signal transmission into 

cells, thus causing dysfunction to occur [38]. Moreover, the 

roughness of the cell membrane could indicate the cell’s 

health state [49]. 

In contrast to A549 cells, SH-SY5Y cells (Fig. 4) are 

mostly free of protrusions, consistent with topographical 

observations from other studies [32, 44, 50]. In general, the 

morphological alteration was much less visible than in A549 

cells, as reflected by both the images and height profiles. The 

height profiles in trials 2 and 3 have more data points than 

those in the negative control and trial 1 due to the different 

pixel numbers present in the images, but this should not affect 

our conclusion since each comparison was made within a 

trial, and the scans within each trial always used the same 

parameters. For the quantitative analysis of roughness, only 

one of the seven scans showed a statistical increase in 

roughness after exposure to P M2.5 across all three trials (Fig. 

5), suggesting different physical properties of the SH-SY5Y 

cell membrane compared to the A549 cell membrane. This 

observation suggests that A549 cells are possibly more 

susceptible to short-term  PM2.5 damage than SH-SY5Y cells. 

Statistical comparisons 

of the mean roughness values 

before (black) and after (red) 

treatment for all scans on SH-

SY5Y cells. Data are the mean 

± SD, n = 5; ns = not 

significant, *p < 0.05 
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SICM images of a portion of an A549 epithelial lung cell before 

(A) and after (B) continuous exposure to P M2.5 solution for 4 h. The 

scale bar is representative of 5 µm. C and D are height profiles 

extracted from the dashed lines in A and B. C was extracted from the 

top dashed line from before (black) and after (red) exposure to  PM2.5 

solution, while D was extracted from the bottom dashed line. The 

black (A) and red (B) arrows point to the same locations before (black) 

and after (red) exposure, with the red arrows highlighting the 

membrane disturbances in height profiles that were not observed at the 

locations pointed at by the black arrows (C and D) 

We also investigated longer exposure (up to 4 h) to test 

whether a time-dependent effect exists. A pair of images 

from the same A549 cell before (Fig. 6A) and after exposure 

for 4 h (Fig. 6B) shows indentations of 2–4μm depth (Fig. 

6C and D, labeled with red arrows) that could reflect pore 

formation. Specifically, large surface structures, possibly 

reflecting lamellar bodies (Fig. 6A, black arrows in the 

bottom), detached from the membrane after P M2.5 exposure, 

leaving indentations on the membrane (Fig. 6B, red arrows). 

Although fixed cells were used in this study, and thus 

biological processes cannot be claimed during exposure to P 

M2.5, the morphological evidence found in this study shows 

that the adhesion of particles caused the disintegration of 

lamellar bodies and mechanical damages. This observation 

provides further evidence that P M2.5 causes damage to cell 

membrane integrity in A549 cells, which was previously 

reported by Liu et al. using the LDH assay that quantifies 

LDH release to cell media upon damage to the plasma 

membrane as a measure of the cytotoxic effect of the 

treatment [51]. To demonstrate that the damage was caused 

by P M2.5 exposure rather than prolonged soaking, possible 

movement of the solution, or continuous SICM scanning, we 

carried our negative control tests using PBS as the exposure 

solution. As shown in Fig. S4, there was no alteration as 

observed with the experimental trials. We also have 

previously demonstrated prolonged SICM scanning does not 

alter the cell membrane through continuously scanning 

along the same line [52]. 

The longer exposure test with SH-SY5Y cells exhibited 

differences in membrane disturbances compared to A549 

cells (Fig. 7). Post-exposure damage was found to only occur 

at the locations where pre-existing defects were present on 

the dendrite branch. The defects deepened over time, as 

labeled by red arrows in Fig. 7. A portion of the top of the 

cell seems to dissipate at 248 min of exposure (Fig. 7D). 

Representative height profiles extracted from two separate 

locations, one at a dendrite (Fig. 7E) and the other at a 

preexisting defect area (Fig. 7F), also indicate a gradual 

building up of damages to the membrane structures. No 

damage was observed for other areas that exhibit a smooth 

surface and fewer structures on the membrane. We also 

carried negative control tests (Fig. S5) and demonstrated that 

prolonged soaking and scanning did not alter the membrane 

structure of the cells to the degree observed in the 

experimental trial. This suggests that  PM2.5 effects are more 

disruptive with cells that exhibit pre-existing defects in the 

membrane allowing for particles to adhere in defective, open 

areas reflecting further membrane degradation over time. 
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Particulate matter is an environmental pollutant with a 

demonstrated potential for toxicity. To better understand the 

mechanism of  PM2.5-induced physical damage to human 

cells, we investigated the changes in membrane topography 

of fixed A549 lung carcinoma epithelial cells and SH-SY5Y 

neuroblastoma cells upon exposure to incense stick–

generated particulate matter using SICM. Short-term 

exposure of 30 min resulted in an immediate, statistically 

significant increase in membrane roughness for most A549 

cells. SHSY5Y cells with smoother membrane surfaces, on 

the other hand, experienced minimal and mostly non-

significant changes in membrane roughness after exposure. 

Longer exposure of up to 4 h resulted in detached structures 

consistent with lamellar bodies on the membrane surface of 

A549 cells, leaving indentations in the membrane, while for 

SHSY5Y cells, only cells with pre-existing defects exhibited 

increasing alterations at the site of the pre-existing lesions, 

but not where the cell membrane has a smooth surface. 

Our study focused purely on the mechanical and physical 

interaction between P M2.5 and cell membranes by using 

fixed cells that excluded any cellular responses. The 

different observations between A549 and SH-SY5Y cells 

SICM images of SHSY5Y 

cells before (A) and after (B–D) 

over-time exposure to  
 PM2.5 solution. The scale bar is 

representative of 2 µm. The 

time labels in B–D represent the 

exposure time. Height profiles 

(E, F) were extracted from the 

right top corner dashed lines (E) 

and left dashed lines (F). Black 

arrows point to pre-existing 

defects on the SH-SY5Y cells 

before  PM2.5 exposure, and red 

arrows point to the defects after 

continuous  PM2.5 exposure 
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indicate that the lung cells appear to be generally more 

susceptible to  PM2.5 damage, likely due to the fast 

absorption of the particles that adhere to the surface 

membrane microstructures. Dissecting the physical 

properties of  PM2.5 and cell interaction may aid in 

understanding the biological potency of  PM2.5 as a toxic 

pollutant. 

 The online version contains 

supplementary material available at https://d oi.org/1 0 .1007 /s 00216-

023-0 4690- y. 
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