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• A PM sampling and cell exposure strat-
egy based on agar membrane was 
developed. 

• The agar membrane had good consis-
tency with the PTFE filter in PM 
sampling. 

• Application of the agar membranes 
improved the extraction efficiency of 
PM. 

• The novel strategy was biocompatible 
and comparable, and had low 
disturbance. 

• Proteomic study was carried to investi-
gate the possible molecular 
mechanisms.  
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A B S T R A C T   

Laboratories use different strategies to sample and extract atmospheric particulate matter (PM), some of which 
can be very complicated. Due to the absence of a standard protocol, it is difficult to compare the results of PM 
toxicity assessment across different laboratories. Here, we proposed a novel PM sampling and cell exposure 
strategy based on agar membrane. The agar membrane, prepared by a simple freeze-drying method, has a 
relatively flat surface and porous interior. We demonstrated that the agar membrane was a reliable substitute 
material for PM sampling. Then the PM on the agar membranes was directly extracted with the culture medium 
by vortex method, and the PM on the polytetrafluoroethylene (PTFE) filters was extracted with water by the 
traditional ultrasonic method for comparison. The extraction efficiency was evaluated and in vitro cytotoxicity 
assays were carried out to investigate the toxic effects of PM extracted with two strategies on macrophage cells. 
The results showed that the PM extracted from agar membranes induced higher cytotoxicity and more differ-
entially expressed proteins. Overall, the novel PM sampling-cell exposure strategy based on the agar membrane is 
easy to operate, biocompatible and comparable, and has low disturbance, could be an alternative sampling and 
extraction method for PM toxicity assessment.  
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1. Introduction 

Many epidemiological studies have suggested that atmospheric 
particulate matter (PM) is associated with lung cancer, respiratory 
morbidity and mortality, cardiovascular mortality, etc. (Achilleos et al., 
2017; Calderon-Garciduenas et al., 2013; Loomis et al., 2013, 2014; 
Zhao et al., 2017). However, the physiological and molecular mecha-
nisms of PM exposure toxicity are not completely clear. The outcomes of 
cell exposure investigation can provide vital insights into the toxic and 
carcinogenic mechanisms of PM (Li et al., 2017b; Maikawa et al., 2018). 
Exposure to cells in vitro is a simple, cost-effective and convenient 
method to elucidate the toxic mechanisms of PM. Macrophage cells, as 
important immune cells play a defensive role once PM enters the pul-
monary alveoli through the respiratory tract, which are usually used to 
investigate the cytotoxicity of PM in vitro (Al Hanai et al., 2019; 
Guastadisegni et al., 2010; Michael et al., 2013). 

For the cell exposure experiments, PM is usually segregated from 
atmosphere using filters and then extracted by solvent (Lee et al., 2015; 
Li et al., 2017b; Qi et al., 2019; Yang et al., 2016). Various commercial 
sampling filters made from different materials are adopted to collect PM 
(Calzolai et al., 2015; Landis et al., 2017; Wang et al., 2016). Each kind 
of filter has its own characteristics and specific applications. For 
example, polytetrafluoroethylene (PTFE or Teflon) and polycarbonate 
filters are usually utilized to analyze inorganic elements in PM due to 
their low blank levels and strong resistance to gas adsorption (Calzolai 
et al., 2015; Landis et al., 2017; Leclercq et al., 2017). Quartz fiber filters 
are typically used to analyze carbon (elemental carbon and organic 
components) of PM owing to their simple chemical composition and low 
blank levels (Elorduy et al., 2016; Khuzestani et al., 2017). Glass fiber 
filters are mainly applicable for analyzing concentration of PM mass and 
organic components (Ding et al., 2007; Sharma et al., 2007). But these 
filters also have limitations. Due to the strong hydrophobic property of 
PTFE, it is not convenient to improve the extraction efficiency of 
water-soluble components in the collected PM (Chen et al., 2008). And 
for the polycarbonate filter, the cost is very high. Although the cost of 
glass fiber filter is relatively low, the levels of impure inorganic com-
ponents are usually high and difficult to control. Furthermore, quartz 
and glass fibers can be shattered from the quartz and glass filters by the 
vigorous vibration during ultrasonic extraction. In fact, it is the char-
acteristics of these sampling filters that introduce errors in determining 
the mass concentrations of PM and analyzing certain components in the 
collected PM (De Raat et al., 1990; Hart and Pankow, 1990). 

On the other hand, different extraction approaches may affect the 
proportion of the chemical components extracted from PM collected on 
the same filter, which implies that there are compositional differences 
among different PM extraction approaches. Bein and Wexler analyzed 
the chemical components of PM2.5 extracted from glass fiber filters using 
multi-solvent extraction, and demonstrated the importance of stan-
dardized filter extraction goals and processes to prevent the introduction 
of investigation bias into toxicological studies (Bein and Wexler, 2015). 
It is also reported by Baeza-Squiban’s group that contradictory conse-
quences of oxidative potential (OP) of fine PM in the study resulted from 
lack of standardized protocols for PM extraction and OP assay (Cro-
beddu et al., 2020). 

It is worth noting that adopting different sampling filters and 
extraction methods will result in different chemical composition of PM 
extracts, thereby potentially affecting the cytotoxicity and biological 
responses. De Raat et al. found that PM extracted from the glass fiber 
filters led to slightly higher mutagenicity than that from the Teflon fil-
ters (De Raat et al., 1990). In addition, several studies have discussed the 
differences in the toxicity of PM water-soluble and water-insoluble (or 
organic-soluble) fractions (Chowdhury et al., 2018; Palacio et al., 2016; 
Qi et al., 2019; Rodriguez-Cotto et al., 2014; Tang et al., 2020; Van 
Winkle et al., 2015; Vuong et al., 2017; Xu et al., 2018a). Recently, 
Tanguay’s group compared six extraction methods using portions of the 
same PM2.5 filter to determine the associated impacts on the chemical 

recovery and bioactivity. Their results demonstrated that these extrac-
tion methods changed both the chemical composition and the content of 
the PM2.5 extracts, as well as the consequent sensitive end points of 
zebrafish development (Roper et al., 2019). Generally, there is still no 
consensus on the PM sampling and extraction strategies for conducting 
toxicological investigations, making it difficult to compare results across 
different laboratories. 

However, existing PM sample preparation procedures (that involve 
filters) generally include ultrasonic extraction with water or organic 
solvents, concentration by freeze-drying or N2 streaming, and finally 
reconstitution with the culture medium. The limitation of this strategy is 
that it is time-consuming, and will extract the particles incompletely, 
and may even damage the particles, resulting in changes in their me-
chanical properties. As a result, the prepared PM sample will potentially 
lead to misrepresentative elucidation for cytotoxicity and biological 
responses. It is well known that the cytotoxicity of PM not only depends 
on the chemical composition, but also the morphology and the me-
chanical properties of PM (Shi et al., 2015). Therefore, there is an urgent 
need to develop a novel PM sampling-cell exposure strategy, featuring 
low cost, easy operation, low disturbance, biocompatibility and 
comparability, that can contribute to more accurate, reliable and com-
parable PM toxicity evaluation. 

Agar, a natural macromolecule extracted from seaweed, is composed 
of polysaccharides based on repeating units of agarobiose (Beruto et al., 
1999). Those polysaccharides vary in the extent and types of substitu-
tion groups and physicochemical properties. On account of its biocom-
patibility and hydrophilicity, agar is often used as a biological medium 
or a drug carrier (Pike and Robinson, 1970; Wiegand et al., 2008; Zhao 
et al., 2020). In addition, agar was traditionally used as a solidifying 
agent and introduced into the medium to collect ambient microorgan-
isms (Crozier-Dodson and Fung, 2002). Inspired by these uses of agar, 
we propose the agar-based PM-sampling strategy. 

In this study, we developed a simple drying and shaping process to 
obtain the agar membrane. After being well characterized, the agar 
membrane was used to collect PM by the cascade impactor samplers. 
Then, the PM deposited on the agar membrane was directly extracted 
with the culture media by vortex and then exposed to RAW264.7 cells 
without concentration and reconstitution. We compared the agar 
membrane and the classic PTFE filter in terms of the PM sampling and 
extraction efficiency and the cell’s biological responses to PM. The 
cytotoxicity evaluation includes cell viability, cell apoptosis and reactive 
oxygen species (ROS) generation. And the toxicoproteomic analyses of 
RAW264.7 cells after PM exposure were performed using iTRAQ label-
ing and liquid chromatography-tandem mass spectrometer (LC-MS/MS). 
This proposed PM sampling-cell exposure strategy based on the agar 
membrane possessed several merits, which may be a potential choice for 
a standard PM sampling and extraction method. 

2. Materials and methods 

2.1. Preparation of the agar membranes 

Firstly, biological reagent grade agarose powders (BioSharp, China) 
were dried under 60 ◦C for 6 h. Then 1.5 g dried agarose powders were 
added to 150 mL ultrapure water. The suspension was heated and boiled 
for 30 min until the agarose powders were completely dissolved. Sec-
ondly, 15 mL hot agarose solution was poured to a gel-preparation plate 
with diameter (Φ) of 10 cm. The hot agarose solution formed wet agar 
gel after cooling down at room temperature. Subsequently, the freeze- 
drying procedure was adopted, which was previously used to produce 
nanocellulose aerogel-containing air filter (Nemoto et al., 2015). The 
agar gel was frozen at − 20 ◦C for 2 h, then lyophilized for 24 h and 
planished to obtain the agar membrane with a thickness of 0.3 mm, 
which is similar to that of the commercial PTFE and quartz fiber filters. 
Finally, circular sampling membranes with a diameter of 80 mm were 
made, to fit the Andersen eight-stage non-viable cascade impactor 
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(TE-20-800, Tisch, USA). The prepared agar membranes were preserved 
in a desiccator with silica gel. Fig. S1 shows the typical photos and 
scheme of a 10-cm plate for preparing the 80-mm agar membranes. 
More details are discussed in Text S1 (see Supplementary data 1). 

2.2. Characterization of the agar membranes 

Each agar membrane was weighted immediately after being 
removed from the desiccator by an electronic analytical balance 
(CPA225D, Sartorius, Germany). Next, the agar membrane was char-
acterized by a field emission scanning electron microscope coupled with 
an energy dispersive X-ray spectroscope (FE-SEM-EDX) (JSM-7800F, 
JEOL, Japan) to observe the surface morphology and internal structure. 
Fourier transform infrared spectroscopy (FT-IR) analysis of agar mem-
brane was carried out by an attenuated total reflection (ATR) FT-IR 
spectrometer to investigate the functional groups on the surface (Nico-
let iS10, ThermoFisher Scientific, USA). Flat colony counting method 
was performed to investigate whether bacteria grew on the agar mem-
branes before and after sampling PM from the atmosphere. 

2.3. Collection of the PM 

PM was sampled with four Andersen eight-stage non-viable cascade 
impactors placed on an open-air deck on the second floor of a building 
on the Xianlin campus of Nanjing University between November 2018 
and December 2019, 24 h each day. The sampling consistency of the 
impactors was firstly evaluated, and the details can be found in Text S2 
(see Supplementary data 1). PM was simultaneously collected with the 
agar membranes and the PTFE filters (Xingya Co. Ltd., China) at a flow 
rate of 28.3 L min− 1 for 144 h. The agar membranes were placed on two 
impactors and the PTFE filters were placed on the other two. Size- 
fractionated PM was segregated into 9 fractions by the eight stages, 
where larger PMs were sampled in the earlier stages. Specifically, PM 
with an aerodynamic diameter >9.0 μm, 5.8–9.0 μm, 4.7–5.8 μm, 
3.3–4.7 μm, 2.1–3.3 μm, 1.1–2.1 μm, 0.7–1.1 μm, and 0.4–0.7 μm was 
sampled by the stages one to eight, respectively. Finally, the remaining 
PM that passed through all eight stages (<0.4 μm) on all four impactors 
was sampled with a PTFE filter due to the nonporous nature of the agar 
membranes. Therefore, follow-up experiments did not include the last 
stage of the PTFE filter. All the PM samples were stored at − 20 ◦C before 
analysis. 

2.4. Characterization and analysis of PM 

The PM-sampling efficiency of the agar membrane was further 
compared to that of the PTFE filters by evaluating the physical and 
chemical properties of the collected PM with SEM-EDX, ATR-FT-IR, as 
well as inductively coupled plasma optical emission spectrometry (ICP- 
OES) and gas chromatography-mass spectrometry (GC-MS). Details can 
be found in Text S3 (see Supplementary data 1). 

2.5. PM suspension and extraction methods 

Before the extraction step, the agar membranes and the PTFE filters 
with the collected PM were sterilized twice for 30 min each with an 
ultraviolet lamp in the clean bench. Because lyophilized agar membrane 
tends to absorb water and become soft, PM can potentially be released 
into the culture medium freely without concentration and resuspension. 
Therefore, here we proposed an agar sampling-cell exposure strategy. 
First, a set of three agar membranes (0.4–0.7 μm, 0.7–1.1 μm and 
1.1–2.1 μm PM deposited) were combined. Then the agar membranes 
were placed in Dulbecco’s modified Eagle’s medium (DMEM) cell cul-
ture medium containing 10% fetal bovine serum (FBS) and vortexed for 
10 min. After taken out, the agar membranes were vortexed continually 
in another fresh culture medium for 10 min. Finally, the agar mem-
branes were squeezed and two parts of culture media were pooled 

together. 
In order to investigate the effects of different membrane extraction 

strategies on the cytotoxicity and mechanism of the extracted PM, a 
classic PM extraction method based on the PTFE filter (Reibman et al., 
2002; Yang et al., 2016) was adopted, in which PM was extracted with 
water by ultrasound as follows. First, the PTFE filters (0.4–0.7 μm, 
0.7–1.1 μm and 1.1–2.1 μm) were placed in 20 mL ultrapure water. After 
being vortexed for 10 min and sonicated in a prechilled water bath for 
30 min, the filters were removed and rinsed with ultrapure water. Then 
the suspensions were lyophilized and the freeze-dried particles were 
frozen at − 80 ◦C. Finally, the dried particles were resuspended in the cell 
culture medium. 

Blank agar and PTFE films were extracted according to the respective 
extraction procedures, which were considered as the extracts with a PM 
concentration of 0 μg mL− 1. 

2.6. Assessment of extraction efficiency 

The extraction efficiency of the two extraction methods was evalu-
ated by characterizing the surface morphologies of the agar and the 
PTFE films before and after extraction. And we added another set of 
groups, in which the PM deposited on the PTFE filters were extracted 
with culture medium by vortex. Moreover, the OP and the main metal 
elements of the two PM extracts from the agar and the PTFE films were 
measured. The light scattering and UV–Vis absorption measurements 
were carried out to characterize the particle density of the PM extracts. 
Details can be found in Text S4 (see Supplementary data 1). 

2.7. Culture of mouse macrophage cells 

Mouse macrophage cell line RAW264.7 was kindly provided by Stem 
Cell Bank, Chinese Academy of Sciences (Shanghai, China). RAW264.7 
cells were maintained in the complete DMEM culture medium supple-
mented with 10% (v/v) FBS in a humidified 5% CO2 atmosphere at 
37 ◦C. 

2.8. Cell viability 

Cell viability was determined by the cell counting kit-8 (CCK-8; 
Beyotime, China). Details can be found in Text S5 (see Supplementary 
data 1). 

2.9. Cell apoptosis 

Cell apoptosis rate was determined by the Annexin V-FITC/Propi-
dium Iodide (PI) apoptosis detection kit (Beyotime, China). Details can 
be found in Text S6 (see Supplementary data 1). 

2.10. Reactive oxygen species (ROS) generation 

Intracellular ROS generation was measured using the ROS assay kit 
(Beyotime, China). Details can be found in Text S7 (see Supplementary 
data 1). 

2.11. Protein extraction, digestion, iTRAQ labeling and LC-MS/MS 
analysis 

We used iTRAQ labeling coupled with nanoLC-MS/MS to compare 
the proteomes of the RAW264.7 cells after exposure to PM extracts using 
two strategies. The procedures of protein extraction, digestion, labeling 
and analysis followed our previous work (Tang et al., 2020). More de-
tails can be found in Text S8 (see Supplementary data 1). 

2.12. Western blot assay 

After exposure to PM extracts using two strategies, the RAW264.7 
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cells were lysed in RIPA cell lysis buffer (Beyotime, China). The lysates 
were run on gels and immunoblotted with relevant antibodies using 
standard methods. Details can be found in Text S9 (see Supplementary 
data 1). 

2.13. Statistics and bioinformatics 

All the measurements were repeated at least three times. The results 
were expressed as means ± standard deviations (SD). Independent 
samples t-tests were used to determine the differences between the 
control and treated groups in SPSS and a p value < 0.05 was considered 
to be statistically significant. Bioinformatics analyses were referred to 
our previous work (Tang et al., 2020). The ProteinPilot™ software 
version 4.2 (AB Sciex, USA) was used for protein identification and 
quantification. The Kyoto Encyclopedia of Genes and Genomes (KEGG) 
and Gene Ontology (GO) analyses were conducted from the DAVID 
bioinformatics resources version 6.8 (https://david.ncifcrf.gov/). More 
details can be found in Text S10 (see Supplementary data 1). 

3. Results and discussion 

3.1. Characterization of the agar membrane 

Agarose is described as the least substituted agar molecules with the 
strongest gelling potential (Lahaye and Rochas, 1991). Therefore, we 
use agarose powders to prepare the agar gel. The agar gel is formed 
when helices of agar polysaccharides aggregate (Rees and Welsh, 1977). 
A schematic diagram of the agar gel structure is shown in Fig. 1A. In 
order to meet the requirement for long-term time PM sampling, the agar 
gel must be pre-dried to maintain the film shape that can adapt to the 
impactor. Consequently, the agar gel is freeze-dried to obtain the agar 
membrane. ATR-FT-IR spectrum of the agar membrane is shown in 
Fig. 1B. The peaks observed at 3400 and 2925 cm− 1 were assigned to 
O–H and C–H stretching vibration respectively. The peaks located at 
1630 and 1380 cm− 1 were due to O–H and C–H bending vibration 
respectively. The peaks located at 1128, 1090 and 1050 cm− 1 were 
characterized as C–O stretching vibration. The characteristic peak at 
890 cm− 1 was attributed to the β-glycosidic bond. As shown in Fig. 1C, 
the morphology of the agar gel before freeze-drying was consistent with 

that reported in a previous study by Rahbani et al. (2013). It was re-
ported that 1% agar gel had a smooth surface under Cryo-SEM, and 
circular agar pores existed in the internal structure of agar gel with radii 
ranged from nearly 370 to 700 nm (Rahbani et al., 2013). Fig. 1C 
showed that our agar gel also had pores with radii in the 230–940 nm 
level. Next, Fig. 1D was a digital photo and Fig. 1E and F were the SEM 
images of the surface and the section of the agar membrane made by 
freeze-drying the gel. It can be seen from the section image that the 
prepared agar membrane possessed circular pores of submicron sizes in 
the internal structure. Using the flat colony counting method, we 
showed that there were no bacteria on the freshly prepared agar mem-
branes stored in a silica gel desiccator or a refrigerator at − 20 ◦C. After 
collecting PM for 48 h, no bacteria were observed on the agar sampling 
membranes after being irradiated by an ultraviolet (UV) lamp, and even 
only a few bacteria detected in one of three experiments without UV 
irradiation sterilization (Table S1). 

The preparation consistency of the agar membranes was evaluated 
by comparing the weights of the membranes made in three different 
batches. The intra-batch relative standard deviations (RSDs) of the 
weights of the agar membranes were 8.0%, 6.5% and 7.2% for the three 
batches, and the inter-batch RSDs for the average weight of the three 
batches was 2.0% (Table S2). The results suggested good consistency of 
the weights of the prepared agar membranes. Moreover, the intra-batch 
RSDs of the agar membranes were also consistent with those of the 
commercial PTFE filters (4.9%–8.5%). 

3.2. Sampling efficiency of the agar membrane 

Due to the potential weight change of the agar membrane during 
long-term sampling as well as subsequent weighing, the sampling reli-
ability of the agar membranes was assessed by characterizing the 
physical and chemical properties of the collected PM, and was compared 
with that of the PTFE filters. The four Andersen eight-stage non-viable 
cascade impactors employed were calibrated in advance. Table S3 
showed the weights of PM collected in each stage by the four impactors 
using the PTFE and the quartz fiber filters, which had good consistency. 

The SEM images of PM collected in different stages by the agar 
membranes and the PTFE filters at 2000 times magnification are 
exhibited in Fig. S2 (upper panels). It was observed that all particles 

Fig. 1. Schematic diagram of the agar gel structure (A). ATR-FT-IR spectrum of the agar membrane (B). Cryo-electron micrograph of the agar gel containing water 
(C). Digital photo of the prepared agar membrane (D). SEM images of the agar membrane after freeze-dried (E: surface, F: section). 
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were deposited on the flexible horizontal surface of the agar membranes, 
while some of the particles were attached onto the filaments or even 
implanted into the dense network of the PTFE filters. In addition, some 
fine particles coagulated and formed larger particles. Obviously, the 
smooth surface of the agar membrane can facilitate the release of the 
collected PM so that any vigorous procedure may be avoided. As shown 
in the EDX spectra of PM deposited on the agar membranes and the PTFE 
filters (Fig. S2, lower panels), the main elements were distributed in a 
similar manner in the same stages, which can be more clearly visualized 
in the representative element mapping images of PM9-10 on the agar 
membrane (Fig. S3). Very importantly, Fig. 2A and B showed that, for 
both the agar and the PTFE films, increased PM size was associated with 
increased weight percentages (Wt%) of Al, Si and Ca, and decreased Wt 
% of C, N and S. Such particular pattern strongly supported the excellent 
PM sampling efficiency of the agar membrane, which was on par with 
PTFE filter. 

The ATR-FT-IR spectra of PM deposited in different stages of agar 
membranes and PTFE filters are plotted in Fig. 2C and D. The overall 
infrared absorption profiles of PM collected on the two films were very 
similar. However, the infrared absorption spectra of the coarse and fine 
particles were significantly different. The absorption of PM3.3-10 was 
weak at the wavelength above 3000 cm− 1. The main peaks observed at 
3525, 3400 and 3250 cm− 1 were assigned to O–H. The absorption of 
PM0.4-2.1 was strong at about 3000 cm− 1. The main peaks located at 
3180, 3040, 1400 and 1300 cm− 1 were characterized by C–H. The 
infrared absorption spectra of PM2.1-3.3 included all peaks of PM3.3-10 
and PM0.4-2.1. These observations suggested that the contents of organic 
components increased with decreasing particle size. In addition to the 
same pattern observed for the PM collected by the agar and the PTFE 
films, the particles with the same size also exhibited similar infrared 
absorption profiles, which further confirmed the comparability in terms 
of PM sampling between the agar and the PTFE films. However, the 
overall absorption intensity of the PTFE-collected PM was slightly 
weaker than that of the agar-collected PM, which was presumably 
attributed to the deep capture of the PM into the network of the PTFE 
fibers. 

Furthermore, as shown in Table 1, the levels of the main metal ele-
ments (Fe, K, Mg, Mn, Zn, etc.) in the fine particles (PM0.4-2.1) on the 
agar membranes were very close to those on the PTFE filters. The 

Fig. 2. EDX analyses of element contents in size-segregated PM on the agar membranes (A) and the PTFE filters (B). ATR-FT-IR spectra of size-segregated PM on the 
agar membranes (C) and the PTFE filters (D). 

Table 1 
Concentrations (ng m− 3) of metal elements and PAHs in PM0.4-2.1 collected using 
the agar membranes and the PTFE filters.  

Elements Agar PTFE PAHs Agar PTFE 

Al 82.3 ±
20.2 

116 ±
29 

Naphthalene 0.158 ±
0.013 

0.229 ±
0.015 

Ba 10.2 ±
3.3 

11.5 ±
1.3 

Acenaphthylene 0.026 ±
0.007 

0.034 ±
0.007 

Ca 299 ±
110 

415 ±
196 

Acenaphthene 0.012 ±
0.005 

0.017 ±
0.004 

Cd 1.11 ±
0.09 

1.44 ±
0.19 

Fluorene 0.033 ±
0.007 

0.060 ±
0.014 

Cr 5.23 ±
0.56 

6.28 ±
1.15 

Phenanthrene 0.226 ±
0.022 

0.842 ±
0.094 

Cu 30.4 ±
7.9 

21.3 ±
4.9 

Anthracene – – 

Fe 642 ±
47 

567 ±
86 

Fluoranthene 0.361 ±
0.056 

1.280 ±
0.069 

K 620 ±
25 

593 ±
57 

Pyrene 0.152 ±
0.050 

0.358 ±
0.051 

Mg 91.9 ±
42.1 

94.6 ±
46.4 

Benzo(a) 
anthracene 

0.145 ±
0.015 

0.349 ±
0.009 

Mn 47.1 ±
1.5 

46.7 ±
7.2 

Chrysene 0.354 ±
0.039 

0.618 ±
0.033 

Na 158 ±
80 

258 ±
106 

Benzo(b) 
anthracene 

0.309 ±
0.025 

0.587 ±
0.031 

Pb 41.2 ±
7.6 

52.3 ±
8.1 

Benzo(k) 
anthracene 

0.212 ±
0.011 

0.361 ±
0.007 

V 2.03 ±
0.76 

2.62 ±
0.93 

Benzo(a)pyrene 0.164 ±
0.020 

0.320 ±
0.033 

Zn 187 ±
21 

186 ±
35 

Indeno (123-cd) 
pyrene 

0.150 ±
0.013 

0.156 ±
0.011    

Dibenz (a,h) 
anthracene 

0.026 ±
0.003 

0.033 ±
0.008    

Benzo (g,h,i) 
perylene 

0.137 ±
0.011 

0.150 ±
0.007  
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significant differences in Ca, Na, Al contents were likely attributed to 
their omnipresent contamination in experiment surroundings. In 
contrast to the above in-situ characterization or quantitation after the 
full digestion of PM, minor difference due to the extraction of PM by 
certain solvents is inevitable. 

The concentrations of the polycyclic aromatic hydrocarbons (PAHs) 
in the fine particles are listed in Table 1. The concentrations of the PAHs 
extracted from PM deposited on the PTFE filters were without exception 
higher than those on the agar membranes. Since the agar membrane is 
hydrophilic due to its functional groups, and the PTFE filter has strong 
hydrophobic property, the PTFE filter could adsorb more free PAHs in 
the gas phase of the atmosphere than agar membrane during PM sam-
pling. It indicated that different membrane materials had different levels 
of affinity to the volatile organic compounds (VOCs) and the semi- 
volatile organic compounds (SVOCs) in the gas phase of atmosphere, 
which could result in different sampling biases. Previous studies also 
reported that the levels of volatile PAHs collected were different when 
using different filters (De Raat et al., 1990; Hart and Pankow, 1990). 
These were presumed to be influenced by several factors, such as the 
hydrophobic property of and the pressure drop across the filters. 
Another explanation for the reason why the agar membrane does not 
adsorb gaseous PAHs is that the air stream inside the cascade impactor 
cannot pass through the smooth surface vertically, thus there is no 
interface on the agar membrane for the direct absorption of the PAHs in 
the gas phase of the atmosphere. 

3.3. Extraction efficiency of the agar and the PTFE films 

First, the surface morphologies of the agar and the PTFE films before 
and after extraction are shown in Fig. S4 and Fig. 3. It was observed that 
there were almost no residual particles on the surface of the agar 
membranes after vortex extraction with the culture medium, but there 
were still several particles remaining in the PTFE filters after ultrasonic 
extraction with water or vortex extraction with the culture medium. This 
was mainly because the PTFE filter as a fibrous one, had the charac-
teristics of symmetric structure and deep-bed filtration, so that the 
particles were permeated inside the filters, making them difficult to be 
separated (Li et al., 2017a; Xu et al., 2018b; Zhang et al., 2017). As 
shown in the digital photos, the difference in release completeness of PM 
from agar and PTFE films could be observed by the naked eyes (Fig. S5). 

In order to further compare the extraction efficiency of the two 
methods, we measured the OP of and the main metal elements in the two 
PM extracts from the agar and the PTFE films. The intrinsic OP of PM 
was also suggested as an additional indicator of exposure toxicity to 
characterize the oxidation ability of PM (Cho et al., 2005; Crobeddu 
et al., 2017, 2020). The OP of PM was mainly evaluated by measuring 
the consumption of antioxidants in the system. The dithiothreitol (DTT) 
assay was adopted in this study, in which DTT was oxidized to produce 
disulfides and was consumed. The result of the DTT consumption in the 
blank solution, blank film extracts and PM extracts from the two kinds of 
films was shown in Fig. S6. The DTT was consumed in the blank solution 

Fig. 3. SEM images of the agar membranes after vortex extraction with the culture medium (Line 1, A, D, G), the PTFE filters after ultrasonic extraction with water 
(Line 2, B, E, H) and after vortex extraction with the culture medium (Line 3, C, F, I). A, B, C: 1.1–2.1 μm; D, E, F: 0.7–1.1 μm; G, H, I: 0.4–0.7 μm. 
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and blank film extracts in the same level (0.40–0.50 μM min− 1). And the 
DTT consumption rate of the PM extract from the agar membranes (1.64 
μM min− 1) was higher than that from the PTFE filters (1.37 μM min− 1). 
The choice of filter substrate and extraction method will affect the 
measurement of the OP of PM (Li et al., 2017a; Yang et al., 2014). Yang 
et al. reminded that the removal of insoluble PM species might lead to 
the attenuation of the OP values (Yang et al., 2014). They also suggested 
that OP values from DTT assay were highly correlated with PM mass and 
organic species. Therefore, our DTT assay results implied that more 
particles could be extracted from the agar membranes using the vortex 
method. As shown in Table S4, the levels of the main metal elements in 
the PM extract from the agar membranes were higher than or almost the 
same as that from the PTFE filters, except that Zn level was somewhat 
lower. This was also ascribed to the higher release completeness of PM 
collected on the agar membranes than that on the PTFE filters, as the 
metal contents were directly related to the mass of particles. In addition, 
the scattered light intensity of the PM extract from the agar membranes 
by vortex was stronger than that from the PTFE filters by vortex or 
ultrasonication (Fig. S7). The UV–Vis absorbance of the PM extracts 
from the agar membranes was also stronger than that from the PTFE 
filters (Fig. S8). Both of the results indicated that the particle density was 
obviously higher in PM extract from the agar membranes. 

In sum, it was concluded that the PM extraction efficiency from the 
agar membranes was much higher, comparing with that from the PTFE 
filters. 

3.4. Cytotoxicity of RAW264.7 cells after exposure to PM 

The cytotoxicity of PM extracted from the agar and the PTFE films to 
RAW264.7 cells were compared. The viability of cells decreased in a 
dose-dependent manner after exposure to PM extracted from the agar 
membranes for 24 h, while the viability of cells slightly affected by PM 
extracted from the PTFE filters (Fig. 4A). The apoptosis rate of 
RAW264.7 cells increased significantly after exposure to PM extracted 
from the agar membranes for 24 h in a dose-dependent manner. How-
ever, RAW264.7 cells did not undergo significant apoptosis after expo-
sure to the PM extracted from the PTFE filters (Fig. 4B). Meanwhile, the 
effects of the two PM extracts on the ROS generation of cells were 
determined using the DCFH-DA assay. The DCFH-DA fluorescent in-
tensity was expressed as fold change relative to the control group. Data 
showed that with the increase of PM concentration, the intracellular 
ROS levels of RAW264.7 cells increased significantly after exposure to 
PM extracted from the agar membranes for 24 h, but there was no sig-
nificant change after exposure to PM extracted from the PTFE filters 
(Fig. 4C). 

Thus, PM extracted from the agar membranes showed higher toxicity 

than that from the PTFE filters. It might be related to the separation of 
more particles from the agar membranes. Macrophages can engulf 
exogenous particles, and then generate a large quantity of ROS and 
initiate the release of inflammatory mediators, which ultimately leads to 
cell damage or apoptosis (Su et al., 2017; Xu et al., 2018a). The previous 
studies also suggested that water-insoluble components of PM2.5 could 
lead to higher cytotoxic activities and inflammation in RAW264.7 cells 
than water-soluble components, which was relevant to the physical and 
chemical properties of PM2.5, represented by particle size and the active 
components it carried (Gali et al., 2019; Jalava et al., 2008; Wang et al., 
2013). Therefore, using particle suspension rather than water-soluble 
fraction is better for assessing cytotoxicity of PM to RAW264.7 cells. 

3.5. Proteomic analysis of RAW264.7 cells after exposure to PM 

The iTRAQ based proteomic analysis of RAW264.7 cells exposed to 
PM extracted from the agar and the PTFE films were performed to 
identify a total of 5317 proteins. Of these proteins, 219 and 189 
differentially expressed proteins (DEPs) were identified in RAW264.7 
cells treated with PM extracted from the agar membranes and PM 
extracted from the PTFE filters, in which only 36 proteins shared by two 
groups (Table S5 and Fig. S9). The DEPs might be used as a guidance in 
the identification of candidate biomarkers for toxicity of PM. For 
example, previous studies found that PM exposure would increase the 
expression of heme-oxygenase-1 (HO-1) in RAW264.7 cells, which was 
expressed in response to oxidative stress (Almeida et al., 2020; Gali 
et al., 2019). Here, the proteomic analysis showed that only a significant 
increase in the expression of HO-1 was observed in RAW264.7 cells 
affected by PM extracted from the agar membranes, while no significant 
change was observed in the cells affected by PM extracted from the PTFE 
filters (see Supplementary data 2). Then the expression levels of HO-1 
were measured by Western blot assay for validation. As shown in 
Fig. S10, after exposure to the agar and the PTFE groups, the expressions 
of HO-1 were increased by approximately 250% and 140%, respectively. 
As the expression level of HO-1 protein in the agar group changed more 
significantly, it was identified as a DEP in the proteomic analysis results. 
The results indicated that there were some differences existed in the 
response of the RAW264.7 cells to PM extracted by the two different 
strategies. 

The GO enrichment analysis based on the DEPs in RAW264.7 cells 
exposure to PM for 24 h are listed in Tables S6–S11. And the top 15 
enriched terms in GO analysis of DEPs were shown in Fig. 5. In general, 
the results demonstrated that PM extracted from the agar membranes or 
the PTFE filters, affected a large number of proteins involved in cell 
metabolic process, protein synthesis, oxidative-reduction response, DNA 
damage response, cell proliferation and apoptosis. These findings helped 

Fig. 4. Cell viability (A), apoptosis rate (B) and ROS level (C) of RAW264.7 cells after exposure to PM for 24 h. Unexposed cells were considered as controls in 
cytotoxicity analyses. Data represented were mean ± SD of one experiment. Statistically significant differences were signed with *: p < 0.05, **: p < 0.01, and ***: p 
< 0.001. 
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to understand the mechanisms of PM toxicity to macrophage cells, 
among which oxidative stress might play a key role. The common GO 
terms of biological process (BP), molecular function (MF) and cellular 
component (CC) enriched by DEPs in RAW264.7 cells exposed to PM are 
shown in Figs. S11–S13. For most terms, there were more enriched 
proteins in the agar group than in the PTFE group, but there were also 
some exceptions. Therefore, the method of sampling-extraction PM 
based on the agar membrane can be used as a reference or supplement 
for the study of cytotoxicity mechanism of PM. 

The KEGG pathways enriched by DEPs in RAW264.7 cells after 
exposure to PM extracted from the agar and the PTFE films for 24 h are 
shown in Fig. 6. The number of pathways in RAW264.7 cells affected by 
PM extracted from the agar membranes was more than that from the 
PTFE filters. Among these enriched KEGG pathways, there were six 
common KEGG pathways shared by two groups, namely, “carbon 
metabolism”, “biosynthesis of antibiotics”, “biosynthesis of amino 
acids”, “glycolysis/gluconeogenesis”, “pentose phosphate pathway”, 
and “fructose and mannose metabolism”. Besides these common path-
ways, most of the pathways enriched by DEPs in RAW264.7 cells after 
exposure to PM extracted from the agar membranes were all related to 
the carbohydrate metabolism. Therefore, the PM extracted from the agar 
membranes might disturb the cell metabolism more significantly, lead-
ing to lower cell viability and higher apoptosis rate. 

In addition, in RAW264.7 cells affected by PM extracted from the 
agar membranes, the most enriched protein in another two enriched 
pathways “DNA replication” and “cell cycle” was the mini-chromosome 

maintenance (MCM) complex (Fig. S14). MCM complex was a biomarker 
of cell proliferation (Lee and Hurwitz, 2000; Williams and Stoeber, 
2012). It was found that MCM complex was expressed at a high level 
during the cell division cycle of proliferating cells (Kai et al., 2001). 
However, in our work, the expression of MCM proteins were all 
down-regulated induced by PM extracted from the agar membranes (see 
Supplementary data 2), which corresponded to the results of the cell 
viability. Previous work also demonstrated that the cell cycle was 
significantly influenced by PM in RAW264.7 cells (An et al., 2021). 
Overall, our results can serve as clues for further studies. 

4. Conclusions 

Our work provided an alternative PM sampling and extraction 
method based on the agar membranes for PM toxicity assessment. As the 
agar membrane can absorb water and become soft, the PM collected on 
the agar membrane can be released into the culture medium freely, 
thereby improving the extraction efficiency and reducing disturbance. 
The cytotoxicity analysis showed that the PM extracted from the agar 
membranes induced higher toxic to macrophage RAW264.7 cells, which 
might be attributed to the extraction of more particles from the agar 
membranes. We concluded that not only the soluble fractions but also 
the particles should be taken into consideration when evaluating PM 
toxicity. Furthermore, the purpose of our study was to propose a stan-
dard method for the assessment of the cytotoxicity of PM, which would 
require more biological experiments on more cell lines to be justified. 

Fig. 5. Top 15 enriched GO terms in GO analysis of DEPs in RAW264.7 cells after exposure to PM extracted from the agar membranes (A) and the PTFE filters (B). 
The numeric label above the bar showed the fold enrichment. 
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More in-depth researches are in progress. 
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