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Abstract: Background: The potential impact of municipal solid waste incineration 

(MSWI), which is an anthropogenic source of aerosol emissions, is of great public health 

concern. This study investigated the characterization and cytotoxic effects of ambient 

ultrafine particles (PM<0.2), fine particles (PM0.2–2.5) and coarse particles (PM2.5–10) 

collected around a municipal solid waste incineration (MSWI) plant in the Pudong district 

of Shanghai. Methods: Mass concentrations of trace elements in particulate matter (PM) 

samples were determined using ICP-MS (Inductively Coupled Plasma Mass Spectrometry). 

The cytotoxicity of sampled atmospheric PM was evaluated by cell viability and reactive 

oxygen species (ROS) levels in A549 cells. Result: The mass percentage of PM0.2–2.5 accounted 

for 72.91% of the total mass of PM. Crustal metals (Mg, Al, and Ti) were abundant in the 

coarse particles, while the anthropogenic elements (V, Ni, Cu, Zn, Cd, and Pb) were 

dominant in the fine particles. The enrichment factors of Zn, Cd and Pb in the fine and 

ultrafine particles were extremely high (>100). The cytotoxicity of the size-resolved 

particles was in the order of coarse particles < fine particles < ultrafine particles. Conclusions: 

Fine particles dominated the MSWI ambient particles. Emissions from the MSWI could 

bring contamination of anthropogenic elements (Zn, Cd and Pb) into ambient environment.  

The PM around the MSWI plant displayed an additive toxic effect, and the ultrafine and 

fine particles possessed higher biological toxicity than the coarse particles.  
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1. Introduction 

Atmospheric particulate matter (PM) is one of the main environmental pollutants in China. 

Emissions of PM frequently cause smog and haze in a large number of cities all over the whole 

country. Epidemiological studies have shown that long-term exposure to high concentrations of PM 

can cause various respiratory and cardiovascular diseases [1–3]. Several studies have hypothesized that 

atmospheric PM of smaller sizes (i.e., PM2.5), due to their larger surface area to mass ratio, can be more 

potent than larger ones (i.e., PM10) in inducing cytotoxic and/or inflammatory responses in various lung 

models [4,5]. Moreover, PM2.5 has been listed as an important air pollutant due to its potential effects of 

bioaccumulation, oxidation and inflammation in the human body [6–8]. Recent research has found that 

the ultrafine particles only account for a small proportion of PM, however, they contain many soluble 

metallic elements that can induce macrophage reactive oxygen species (ROS) activity [5]. Generally, 

the adverse effects of PM on human health are potentially associated with size, surface area and chemical 

composition, such as trace elements and black carbon [9]. Therefore, the relationships between specific 

PM and health conditions still remains as an active and important topic of aerosol research. 

Shanghai, a commercial mega-city with a population of over 20 million, is facing complicated 

atmospheric environmental problems. There are various pollution sources [10–13] such as vehicle exhaust, 

industrial activities and municipal solid waste incineration (MSWI). For reasons of reducing the 

volume waste and allowing for recovery of energy, incineration is playing a favorable role in wastes 

management. A key indicator in the Chinese National Five-Year Plan stipulates that the national rate of 

incinerated municipal solid waste should reach 35% by the year 2015. Since the first MSWI was 

established in Guangdong Province in 1988, it is estimated that the number of incinerators in China 

will increase to 321 by the year 2015. In Shanghai, there are three large-scale MSWIs in operation. 

Although the best available techniques of flue gas cleaning system are used in MSWI, the hazardous 

air pollutants (HAPs) cannot be removed completely and a considerable part of them are released into 

the ambient atmospheric environment. The national total emissions of HAPs from MSWI have 

increased rapidly from 25.97 to 179.26 kilo-tons during the period 2003–2010 with the development of 

the incineration industry in China [14]. Heavy metals associated with PM are a major part of HAPs 

emitted from MSWI exhaust. Some studies conclude that MSWI contributes directly to heavy metal 

contamination of the surrounding air. Hu et al. found that metallic elements, particularly V, Cr, Mn,  

Ni and Cd, in the local airborne particles are highly influenced by the stack emission of MSWI in 

Taiwan [15]. Airborne Zn, Cd and Sb are attributed the refuse combustion in many areas of 

Washington, D.C. [16]. In Japan, the major metallic elements of Pb, Cd, Zn and As in PM were highly 

associated with MSWI emissions [17]. Although it is easy to foresee that with the increase in the 

number of incinerators, abundant toxic trace elements will inevitably be emitted into the surrounding 

atmosphere. Only a few studies in China have focused on the characterization and toxicity of ambient 

PM around the MSWI, which directly pose health risks to the surrounding residents. 
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The purpose of this study was to determine the metallic elements of ambient PM samples 

surrounding MSWI and investigate their cytotoxicity. Size-segregated particles were collected around 

a MSWI in Pudong district, Shanghai. The mass size distributions of metallic elements in the PM 

(ultrafine, fine and coarse particles) were measured to discuss the characteristics of PM. A549 cells were 

exposed to sampled particles of different sizes, and the cell viability and ROS levels in treated A549 

cells were detected to determine their potential in vitro cytotoxicity. 

2. Materials and Methods 

2.1. Sampling Site and Samples 

The incinerator located in the Pudong district of Shanghai is the first Chinese kiloton waste 

incineration power plant. It possesses a steady treatment capacity of about 1000 t/d with typical type of 

incineration technology and gas purification system. There are limited large industrial activities in 

Pudong, which is located in the eastern coastal area of Shanghai and far from the industrial areas.  

The AERMOD, a steady-state plume model, was used to calculate the PM dispersion of the MSWI as a 

point source. The model is widely used for the assessment of pollution concentrations from different 

types of stationary industrial sources [18]. The required inputs for simulation include emission 

parameters and meteorological data. The emission parameters of this MSWI plant were as follows: 

height (80 m), diameter (1.6 m), exit velocity (14.5 m/s), exit temperature (150 °C) and PM emission 

rate (0.28 t/d). The ground-level data (prevailing wind direction is east, average wind speed is  

3.4 m/s and temperature is 21 °C) in May/June were obtained from the Weather Underground website 

(www.wunderground.com) and the upper-air data were obtained from NOAA/ESRL. The daily PM 

dispersion from this MSWI plant was simulated, and is shown in Figure 1. 

 

Figure 1. The concentration distribution of particulate matter (PM) from the municipal 

solid waste incineration (MSWI) calculated by AERMOD (atmospheric dispersion 

modeling) (prevailing wind direction: east, average wind speed: 3.4 m/s and temperature: 

21 °C) and the location of the sampling site. 
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Simulation results revealed that the PM emissions from MSWI had formed a concentration gradient 

in the modeling area. The deeper color in Figure 1 indicates a higher concentration that appeared in the 

range of 800–1000 m downwind from the MSWI, with the inner region being the highest polluted area. 

In order to collect as much PM from the MSWI as possible, the PM sampling site (840, −124) was set 

at 850 m downwind the MSWI site (0, 0), which was located in a residential building surrounded by 

many flat farmlands and residential areas with no other large apparent emission sources nearby (Figure 1). 

A low-pressure multistage impactor (DLPI, Dekati Ltd., Kangasala, Finland) was used to collect  

size-segregated PM samples. The 50% cut-off aerodynamic diameters (Da) of DLPI (13 stages) are 

0.0283, 0.0545, 0.0911, 0.121, 0.261, 0.380, 0.611, 0.945, 1.59, 2.38, 3.98, 6.47, and 9.92 μm, working 

at a flow rate of 30 L/min. The fractions of particles collected on the impactor stages 1–4 (Da < 0.2 μm) are 

referred to as the ultrafine particles, while the portions on the impactor stages 5–9 (0.17 μm < Da < 2.5 μm), 

and on the impactor stages 10–13 (Da > 2.5 μm) are respectively referred to as the fine and the coarse 

particles. The particles were collected on the polytetrafluoroethylene (PTFE) filters (ADVANTES,  

25 mm diameter, 0.2 μm pore size). The sampling campaign was carried out from May 15 to June 16, 

2012, according to the meteorological conditions used in the simulation. Usually, the concentration of PM 

was relative low during the period of May-June in Shanghai [19], which favored the collection of PM 

from MSWI. The actual local ambient temperature, prevailing wind direction and wind speed during 

the sampling periods were 21–27 °C, east and 3.0–5.4 m/s, respectively. Four sets of PM sample were 

collected with each sample being collected for 72 h. Three sets of the sampled PM were used for chemical 

analysis and one set was used for in vitro experiments. 

2.2. Chemical Analysis 

The PTFE filters were stored in a drying cabinet and balanced in relative humidity of 40%–45% at 

room temperature for 24 h for weighing both before and after sampling. Then PTFE filters were 

weighed using an electronic balance (resolution ±1 μg, Crystal 250, Gibertini, Italy). 

Elemental analysis: The filter samples were digested using a mixed digestion solution (6 mL 67% 

HNO3 + 2 mL 30% H2O2 + 0.5 mL 40% HF for each sample) by heating in a microwave oven  

(Excel, PreeKem, China). Microwave digestion consisted of three steps: (1) heating to 220 °C in 19 min 

gradually by increasing the power to 1500 W; (2) remaining at 220 °C for 30 min at 1500 W; (3) 

cooling down for 1 h. After digestion, the solutions were heated to evaporate the acid, and then 

transferred and diluted with deionized water (18.2 MΩ, MiliQA10, Milipore, Billerica, MA, USA) to a 

final volume of 10 mL. The mass concentrations of Na, Mg, Al, K, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Cd, 

and Pb in the PM samples were quantified by ICP–MS (NexION 300 D, PerkinElmer, Waltham, MA, 

USA). The standard addition method was used for the determination of these elemental concentrations 

by preparing a series of mixed calibration solutions (AccuStandard, New Haven, CT, USA) at different 

concentrations (1, 5, 10, 20 ng/mL). A quantity of 10 ng/mL 115In was added online as the internal 

standard used to compensate for the interference from non-spectroscopic effects. The determination of 

Na, Mg, Al, K, and Fe concentrations was performed using the kinetic energy discrimination effect 

(KED) mode. The concentrations of the other metals were obtained using the standard mode. The 

accuracy of the analytical procedure was confirmed using a standard reference material SRM 1648 

(Urban Particulate Matter, National Institute of Standards and Technology, Gaithersburg, MD, USA). 
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Cell Culture and Exposure 

Cell culture: The A549 cell line, a popular model extensively referenced in the literature on 

toxicology [20,21], is a human lung adenocarcinoma derived by an explant culture from the peripheral 

airways of a Caucasian male with lung cancer. The A549 cells were purchased from the China Center 

for Type Culture Collection (Wuhan, China). The cells were maintained in a dulbecco’s modified 

eagle medium (DMEM) (Thermo Fisher Scientific, Shanghai, China) supplemented with 10% FBS, 100 

μg/mL penicillin and 100 μg/mL streptomycin in an incubator aerated with 5% CO2 at 37 °C and 

passed at 80% of confluence. The PM samples were dispersed in a serum-free DMEM, and sonicated 

for 3 × 10 s before application. The suspension was co-incubated with A549 cells for 6 h. Those A549 

cells cultured without PM served as the control group. 

Cell viability assay: Absorbance was quantified at 450 nm using a microplate reader (Synergy2,  

Bio-tek, Winooski, VT, USA). Cell viability was determined by cell counting kit-8 (CCK-8, Beyotime 

Institute of Biotechnology, Jiangsu, China) according to the manufacturer’s instructions, which were 

based on the conversion of water-soluble tetrazolium salt, WST-8 [2-(2-methoxy-4-nitrophenyl)-3- 

(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt] to a water-soluble formazan 

dye upon reduction by dehydrogenases in the presence of an electron carrier [22]. A549 cells were 

seeded in 96-well culture plates with 5 × 103 cells in 100 μL DMEM per well. After 26 h of cell 

attachment, the cells were treated with PM for 6 h. Then, 10 μL WST-8 solution was added to each 

well, and the cells were further incubated at 37 °C for 1 h in the incubator. Cells without any treatment 

served as the control. Absorbance was quantified at 450 nm using a microplate reader (Synergy2,  

Bio-tek, Winooski, VT, USA). The experiment was repeated three times. Cell viability was expressed 

as a percentage of the control culture’s value: (Test group A/control A) × 100%. 

Measurement of intracellular ROS formation: Intracellular ROS lever was measured by the 

fluorescent dye, 2,7-dichlorofluorescein diacetate (DCFH-DA), which is taken up by the cells, and on 

deacetylation forms a non-fluorescent DCFH, which is converted into fluorescent DCF when oxidized 

by cellular ROS. A549 cells incubated with particle samples (ultrafine, fine and coarse particles) were 

washed three times with 0.1M PBS and fixed with 4% formaldehyde for 15 min. Then, the cells were 

washed with PBS again. After that, a permeabilizing buffer (10.3 g of sucrose, 0.292 g of NaCl, 0.06 g 

of MgCl2, 0.476 g of Hepes buffer, 0.5 mL of Triton-X-100, in 100 mL of water, pH 7.2) was added 

for 5 min, and then incubated with 1% bovine serum albumin/PBs at 37 °C for 5 min. Afterward, the 

cells were stained with 25 μmol·L−1 DCFH-DA for 10 min. The resultant fluorescence intensity was 

measured by a laser scanning confocal microscope (TCS SP2, Leica Ltd., Co, Wetzlar, Germany) at 

485 nm excitation wavelength and 530 nm emission wavelength [23,24]. 

2.3. Statistical Analysis 

The data for the mass concentration of the PM and the metallic elements in it were analyzed by 

Excel. The cell viability assay data was analyzed by a one-way ANOVA followed by Dunnett’s t-test 

using SPSS software for comparisons between groups. p < 0.05 was considered significant when 

compared to the control. Moreover, all numerical data were presented as the mean ± standard 

deviations (S.D.). 
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3. Results and Discussion 

3.1. Characterization of Particulate Matters 

The average mass concentrations of PM are shown in Figure 2. From 15 May to 16 June 2012,  

the average PM10 sampled in Pudong was 92.58 ± 47.70 μg/m3, in which ultrafine, fine and coarse 

particles were 4.10 ± 2.38, 67.51 ± 34.77 and 20.98 ± 10.55 μg/m3, respectively. Most of the particles were 

fine. Furthermore, the PM10 concentration in the samples exceeded the daily ambient air quality PM10 

standard I (50 μg/m3, GB3095-2012) in China, while the concentration of PM2.5 was 71.61 ± 37.15 

μg/m3, which was about two times higher than the PM2.5 standard I (35 μg/m3, GB3095-2012). However, 

the PM2.5 concentration was in the range of the reported values in most districts of Shanghai, such as 

84.1 μg/m3 in Zabei [19], 82.5 μg/m3 in Jiading [19], 103.07 μg/m3 in Baoshan [25], and 62.25 μg/m3 

in Putuo [25]. These results suggested that the MSWI emissions had not significantly contributed to the 

collected PM2.5 samples. The size-resolved particulate mass distribution derived from the 13-stage 

impactor showed a maximum in the range of 0.611~0.945 μm in fine particles. The ultrafine particles 

accounted for 4.43% of the total PM10 mass, while the fine particles accounted for 72.91%, and the coarse 

particles accounted for 22.66%, indicating that the fine particles had dominated the ambient particles of the 

incinerator in Shanghai.  

 

Figure 2. Average mass concentrations (μg/m3) of the 13-size particles of PM samples 

around MSWI. 

The metallic elemental concentrations of the PM samples determined by ICP-MS are shown in Table 1. 

The concentrations of Mg, Al and Ti in coarse particles was higher than those in the fine and ultrafine 

ones, as a result of these elements from natural origin sources [10,19]. For Na and Fe, their 

concentrations in the fine and coarse particles were similar, much higher than those in ultrafine 

particles. Interestingly, the concentration of K in the fine particles was 4.6 and 8.8 times of that in the 

coarse and ultrafine particles, respectively. Since K in the fine particles was primarily related to 
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biomass burning activities [26], and is frequently present in the kitchen waste, which is a major 

component of incinerated garbage in China, it can be deduced that K was highly associated with the 

MSWI emissions. The concentrations of V, Mn, Ni, Cu, Zn, Cd and Pb in the fine particles were much 

higher than those in the coarse and ultrafine particles, and the concentration of Cr in the fine particles was 

slightly higher than that in the coarse particles. Generally, these heavy metals were primarily associated 

with anthropogenic sources, such as industrial emissions, traffic sources, coal combustion, and waste 

burning [15,19,27,28]. As a result, these elements tended to concentrate in fine particles. 

Table 1. Average (± standard error) mass concentrations (ng/m3) and EFs of metallic 

elements in ultrafine, fine, coarse particles. 

Element 

Ultrafine Particles Fine Particles Coarse Particles 

Mass 
Concentrations 

EFs 
Mass 

Concentrations
EFs 

Mass 
Concentrations 

EFs 

Na 37.72 ± 13.31 5.8 304.25 ± 118.55 8.2 244.85 ± 125.48 4.4 
Mg 13.57 ± 12.53 2.7 84.08 ± 17.99 2.9 108.83 ± 48.15 2.5 
Al 39.65 ± 9.87 1.0 226.43 ± 108.59 1.0 355.61 ± 302.19 1.0 
K 64.79 ± 40.44 6.5 575.99 ± 393.89 10.2 124.72 ± 83.65 1.4 
Ti 8.57 ± 2.95 3.5 25.65 ± 10.24 1.8 36.39 ± 21.12 1.7 
V 1.98 ± 0.44 39.1 11.41 ± 3.79 39.4 1.03 ± 0.75 2.3 
Cr 6.88 ± 1.24 173.6 13.97 ± 2.86 61.7 11.96 ± 5.88 31.7 
Mn 1.82 ± 0.31 5.9 21.41 ± 9.15 12.1 8.15 ± 6.20 3.0 
Fe 81.43 ± 26.40 4.6 343.50 ± 148.34 3.4 319.15 ± 249.92 2.0 
Ni 2.61 ± 0.64 154.9 13.87 ± 8.78 143.8 6.78 ± 5.61 45.4 
Cu 1.45 ± 0.42 94.5 8.02 ± 3.68 91.4 2.32 ± 1.34 17.5 
Zn 10.29 ± 2.90 224.1 89.16 ± 30.11 340.0 10.87 ± 4.43 25.3 
Cd 0.03 ± 0.04 390.9 0.35 ± 0.21 790.8 0.01 ± 0.01 10.5 
Pb 3.19 ± 1.43 225.8 35.25 ± 21.85 437.1 3.02 ± 2.38 32.6 

 

In order to assess the extent of the contribution of anthropogenic emissions to atmospheric 

elemental levels, the enrichment factors (EFs) for each metal in the ultrafine/fine/coarse particulates 

were analyzed. Each EF listed in Table 1 was calculated using the following equation:  
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where Mi is the concentration of the element in aerosol or crust, and Mr is the abundance of Al in the 

aerosol or crust [28]. Generally, if EFs< 10, chemical elements are emitted from natural or 

anthropogenic sources [28]. According to the results, the EFs of the crustal elements (Na, Mg Al, Ti, 

and Fe) in all three size ranges of the particles were less than 10, indicating that these elements were 

mostly from natural sources. However, the EFs of K and Mn were a little higher than 10 in the fine 

particles, but lower than 10 both in the coarse and ultrafine particles. This meant that K and Mn in the 

fine particles had multiple sources. V, Zn, Cd and Pb had significantly higher EFs in the ultrafine and 

fine particles than in the coarse particles, suggesting that these elements had been attracted to the 

ultrafine and fine particles. The EFs of Zn, Cd and Pb in the fine and ultrafine particles were much 
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higher than 100, revealing that such heavy metal pollution was significant in the fine and ultrafine 

particles. These semi-volatile elements are released into the atmosphere in the effluents of most 

combustion processes, such as non-ferrous metal melting, coal combustion and traffic engine  

burning [10–12,25]. Our previous study had found that these elements were enriched with extremely 

high EFs (94.7, 1947.6 and 263.8 for Zn, Cd and Pb, respectively) in the fly ash of this MSWI [29]. 

Considering that the sampling site of this work was located downwind of the MSWI and there were no 

other large apparent emission sources nearby, it can be deduced that these elements (Zn, Cd and Pb) 

were highly associated with the emissions of MSWI. As a matter of fact, Zn, Cd and Pb can be easily 

found in MSWI emissions. In Japan, 60% of Pb, 94% of Cd and 78% of Zn in urban PM samples 

collected near MSWI sites were attributed to MSWI emissions [15]. Cd was also frequently found in 

the stack emissions from MSWI in Taiwan [17]. In Shanghai, Pb in the particles of 0.4–1.6 μm, 

associated with Cl, was found to have mostly been emitted from waste incineration [13]. 

The mass ratios of elements of different particle sizes are illustrated in Figure 3. More than 50% of 

Na, Mg, Al, Ti and Fe were found in the coarse particles, suggesting that crustal elements had been 

distributed mainly in the coarse particles. More than 50% of K, Mn, Ni, Cu, Zn, Cd and Pb were found 

in the fine particles, indicating that the anthropogenic elements were more predominant in the fine 

particles. Relatively, few metallic elements were observed in the ultrafine particles; however, ultrafine 

particles, which are more easily inhaled and seriously impact human health, have been receiving 

increased attention [30,31]. 

 

Figure 3. The mass ratios of the metallic elements in the coarse particles (blue), fine 

particles (red) and ultrafine particles (green). 

3.2. Cytotoxicity of Particulate Matters 

In order to evaluate the toxic effects of atmospheric PM, cell viability was detected by CCK-8 

assay. A549 cells were treated with ultrafine, fine and coarse particles for 6 h. The detection results of 

cell viability are shown in Figure 4. The cell viability had slightly decreased after the treatment of the 
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coarse particles, while it had significantly decreased after the treatment of the fine and ultrafine 

particles when compared to the control groups.  

 

Figure 4. Viability of PM with different sizes to A549 cells after 6 h exposure (p < 0.05). 

To get a closer insight into the possible toxic mechanism of the PM samples, the intracellular ROS 

levels were determined by using the DCFH-DA probe. As shown in Figure 5, the ROS levels were elevated 

in A549 cells cultured with PM samples (coarse, fine and ultrafine particles). Very weak fluorescence 

was detected in the cells without treatment, while the obvious green fluorescence was observed after 

the treatment of the PM samples. Figure 5A shows that the generation of ROS in all samples with PM 

had significant differences when compared to the control group. The ROS levels of the A549 cells 

were promoted by about 20% after culturing with the PM samples. Normal A549 cells were present as 

long fusiforms, which could easily be seen in the LSCM images. Such types of cells could also be 

found in the group cultured with the coarse particles, but hardly seen in the group cultured with the 

fine and ultrafine particles. Furthermore, the circular cells were easily found in the group cultured with 

ultrafine particles, which might be the apoptosis of the cells. It can be concluded that the existence of 

PM had increased the ROS levels and reduced cell viability, which was consistent with the results of 

the tests for cell viability. 

Particle size, composition and specific emission sources of atmospheric PM samples have different 

biological effects [32,33]. In this study, the size distribution, metallic composition and in vitro 

toxicology were determined. 

The coarse particles had significantly induced the generation of intracellular ROS levels, but not the 

apoptosis of the cells, which might due to the fact that these sizes of particles could not penetrate into 

the cells. However, these particles could induce the free radicals, which only caused the ROS 

generation with the cell self-defense capability. The coarse particles, with diameters >2.5 μm, had 

hardly penetrated into the cells directly and induced a decrease in cell viability. Meanwhile, the coarse 

particles, containing 50% of natural elements, such as Na, Mg, Al, Ti and Fe, might have induced the 

free radicals. This would have resulted in intracellular ROS generation with cell self-defense 

capability. 

The main proportion of the PM samples was the fine particles with diameters of 0.261 μm to 2.38 μm. 

Such particles can enter the A549 cells through endocytosis [34]. In our PM samples, the larger 

proportion of the elements from anthropogenic sources, V, Ni, Cu, Zn, Cd and Pb were present in the 
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fine particles. After these particles [32] had entered the cell into the cytoplasm, lysosomes and 

autophagosomes, the toxic elements Cu, Cd, Zn and Pb were able to induce the generation of ROS and 

decrease cell viability.  
 

 
(A) 

 
(B) 

Figure 5. (A) LSCM (Laser Scanning Confocal Microscope) images and (B) intracellular 

reactive oxygen species (ROS) levels of A549 cells with PM samples (ultrafine, fine and 

coarse particles). 

The ultrafine particles were only about 4.4% of the total mass concentration, but it had induced a 

significant decrease in cell viability. Furthermore, it had also induced the generation of ROS 

intracellular levels and changes in cell morphology. This result was due to the ultrafine particles 

having a much higher number concentration and a larger surface area [32] than did the larger particles. 
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Nanoparticles with diameters <100 nm could enter into cells by endocytosis or cross the cell 

membrane directly [35,36]. The ultrafine particles, with diameters <100 nm, could penetrate the 

cytoplasm, lysosomes and autophagosomes more easily thus bring high toxicity to A549 cells. 

4. Conclusions 

In this study, the total mass concentrations of PM samples collected in the vicinity of a MSWI plant 

in Pudong district, Shanghai were 92.58 ± 47.70 μg/m3, in which ultrafine, fine and coarse particles 

were 4.10 ± 2.38, 67.51 ± 34.77, 20.98 ± 10.55 μg/m3, respectively. The fine mass concentration ratio 

was as high as 72.91%, indicating that the MSWI ambient PM was dominated by the fine particles. 

Crustal metal elements (Mg, Al, and Ti) were predominant in the coarse particles, while the 

anthropogenic metal elements (V, Ni, Cu, Zn, Cd and Pb) were predominately concentrated in the fine 

particles. Zn, Cd and Pb in the fine and ultrafine particles were heavily polluted with EFs much higher 

than 100. These elements were highly associated with the emissions of MSWI. The toxic responses of 

the A549 cells to the sampled particles of different sizes were markedly different. The toxicity level of 

PM on cells both depended on the particle size and the content of toxic composition in particles, especially 

the concentration of toxic metal elements. The PM samples around the MSWI had induced an increase 

in intracellular ROS levels with decreasing particle sizes in the A549 cells, and the cell viability of the  

size-resolved particles followed the order of coarse particles > fine particles > ultrafine particles, 

indicating that cytotoxicity of the ultrafine and fine particles were much more severe than the coarse 

particles. The toxicity level of PM on cells both depended on the particle size and the content of toxic 

composition in particles, especially the concentration of toxic metal elements. 

Acknowledgments 

This work was supported by the National Natural Science Foundation of China (NSFC) (No. 

11079049), and the National Natural Science Foundation for Young Scholars (No. 11305242). 

Author Contributions 

Lingling Cao had the original idea for the study and performed the research. All authors of this 

paper have also directly participated either in the planning, execution, or analysis of this study. Yan Li 

were responsible for recruitment and follow-up of study participants. All authors read and approved 

the final manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Tie, X.; Wu, D.; Brasseur, G. Lung cancer mortality and exposure to atmospheric aerosol particles 

in Guangzhou, China. Atmos. Environ. 2009, 43, 2375–2377. 

2. Lave, L.B.; Seskin, E.P. Air pollution and human health. Science 1970, 169, 723–733.  



Int. J. Environ. Res. Public Health 2015, 12 5087 

 

 

3. Borm, P.J.A.; Schins, R.P.F.; Albrecht, C. Inhaled particles and lung cancer, Part B: Paradigms 

and risk assessment. Int. J. Cancer 2004, 110, 3–14. 

4. Osornio-Vargas, A.R.; Bonner, J.C.; Alfaro-Moreno, E.; Martinez, L.; Garcia-Cuellar, C.;  

Rosales, S.P.D.; Miranda, J.; Rosas, I. Proinflammatory and cytotoxic effects of Mexico  

City air pollution particulate matter in vitro are dependent on particle size and composition.  

Environ. Health Perspect. 2003, 111, 1289–1293. 

5. Schwarze, P.E.; Ovrevik, J.; Hetland, R.B.; Becher, R.; Cassee, F.R.; Lag, M.; Lovik, M.; Dybing, E.; 

Refsnes, M. Importance of size and composition of particles for effects on cells in vitro.  

Inhal. Toxicol. 2007, 19, 17–22. 

6. Deng, X.; Rui, W.; Zhang, F.; Ding, W. PM2.5 induces Nrf2-mediated defense mechanisms against 

oxidative stress by activating PIK3/AKT signaling pathway in human lung alveolar epithelial 

A549 cells. Cell Biol. Toxicol. 2013, 2, 143–157. 

7. Deng, X.; Zhang, F.; Rui, W.; Long, F.; Wang, L.; Feng, Z.; Chen, D.; Ding, W. PM2.5-induced 

oxidative stress triggers autophagy in human lung epithelial A549 cells. Toxicol. Vitro 2013, 27, 

1762–1770. 

8. Wang, D.; Pakbin, P.; Shafer, M.M.; Antkiewicz, D.; Schauer, J.J.; Sioutas, C. Macrophage 

reactive oxygen species activity of water-soluble and water-insoluble fractions of ambient coarse, 

PM2.5 and ultrafine particulate matter (PM) in Los Angeles. Atmos. Environ. 2013, 77, 301–310. 

9. Kelly, F.J.; Fussell, J.C. Size, source and chemical composition as determinants of toxicity attributable 

to ambient particulate matter. Atmos. Environ. 2012, 60, 504–526. 

10. Waheed, A.; Li, X.; Tan, M.; Bao, L.; Liu, J.; Zhang, Y.; Zhang, G.; Li, Y. Size Distribution and 

Sources of Trace Metals in Ultrafine/Fine/Coarse Airborne Particles in the Atmosphere of 

Shanghai. Aerosol. Sci. Technol. 2011, 45, 163–171. 

11. Wang, J.; Guo, P.; Li, X.; Zhu, J.; Reinert, T.; Heitmann, J.; Spemann, D.; Vogt, J.; Flagmeyer, R.H.; 

Butz, T. Source identification of lead pollution in the atmosphere of Shanghai City by analyzing 

single aerosol particles (SAP). Environ. Sci. Technol. 2000, 34, 1900–1905. 

12. Yue, W.S.; Lia, X.L.; Liu, J.F.; Li, Y.; Yu, X.H.; Deng, B.; Wan, T.M.; Zhang, G.L.; Huang, 

Y.Y.; He, W.; et al. Characterization of PM2.5 in the ambient air of Shanghai city by analyzing 

individual particles. Sci. Total Environ. 2006, 368, 916–925. 

13. Zhang, Y.; Wang, X.; Chen, H.; Yang, X.; Chen, J.; Allen, J.O. Source apportionment of lead-

containing aerosol particles in Shanghai using single particle mass spectrometry. Chemosphere 2009, 

74, 501–507. 

14. Tian, H.Z.; Gao, J.J.; Lu, L.; Zhao, D.; Cheng, K.; Qiu, P.P. Temporal trends and spatial variation 

characteristics of hazardous air pollutant emission inventory from municipal solid waste 

incineration in China. Environ. Sci. Technol. 2012, 46, 10364–10371. 

15. Hu, C.W.; Chao, M.R.; Wu, K.Y.; Chang-Chien, G.P.; Lee, W.J.; Chang, L.W.; Lee, W.S. 

Characterization of multiple airborne particulate metals in the surroundings of a municipal waste 

incinerator in Taiwan. Atmos. Environ. 2003, 37, 2845–2852. 

16. Greenberg, R.R.; Zoller, W.H.; Gordon, G.E. Composition and size distributions of particles 

released in refuse incineration. Environ. Sci. Technol. 1978, 12, 566–573. 



Int. J. Environ. Res. Public Health 2015, 12 5088 

 

 

17. Sakata, M.; Kurata, M.; Tanaka, N. Estimating contribution from municipal solid waste 

incineration to trace metal concentrations in Japanese urban atmosphere using lead as a marker 

element. Geochem. J. 2000, 34, 23–32. 

18. Gibson, M.D.; Kundu, S.; Satish, M. Dispersion model evaluation of PM2.5, NOX and SO2 from 

point and major line sources in Nova Scotia, Canada using AERMOD Gaussian plume air 

dispersion model. Atmos. Pollut. Res. 2013, 4, 157–167. 

19. Lu, S.L.; Yao, Z.K.; Chen, X.H.; Wu, M.H.; Sheng, G.Y.; Fu, J.M.; Paul, D. The relationship 

between physicochemical characterization and the potential toxicity of fine particulates (PM2.5) in 

Shanghai atmosphere. Atmos. Environ. 2008, 42, 7205–7214. 

20. Foster, K.A.; Oster, C.G.; Mayer, M.M.; Avery, M.L.; Audus, K.L. Characterization of the A549 

cell line as a type II pulmonary epithelial cell model for drug metabolism. Exp. Cell Res. 1998, 

243, 359–366. 

21. Jin, C.; Wang, F.; Tang, Y.; Zhang, X.; Wang, J.; Yang, Y. Distribution of Graphene Oxide and 

TiO2-Graphene Oxide Composite in A549 Cells. Biol. Trace Elem. Res. 2014, 159, 393–398. 

22. Guan, S.; Ge, D.; Liu, T.-Q.; Ma, X.-H.; Cui, Z.-F. Protocatechuic acid promotes cell proliferation 

and reduces basal apoptosis in cultured neural stem cells. Toxicol. In Vitro 2009, 23, 201–208. 

23. Wang, F.; Jin, C.; Liang, H.; Tang, Y.; Zhang, H.; Yang, Y.J. Effects of fullerene C60 

nanoparticles on A549 cells. Environ. Toxicol. Phar. 2014, 23, 656–661. 

24. Gao, D.; Liu, J.; Wei, H.-B.; Li, H.-F.; Guo, G.-S.; Lin, J.-M. A microfluidic approach for 

anticancer drug analysis based on hydrogel encapsulated tumor cells. Anal. Chim. Acta 2010, 665, 

7–14. 

25. Wang, J.; Hu, Z.; Chen, Y.; Chen, Z.; Xu, S. Contamination characteristics and possible sources  

of PM10 and PM2.5 in different functional areas of Shanghai, China. Atmos. Environ. 2013, 68,  

221–229. 

26. Li, H.; Han, Z.; Cheng, T.; Du, H.; Kong, L.; Chen, J.; Zhang, R.; Wang, W. Agricultural fire 

impacts on the air quality of Shanghai during summer harvesttime. Aerosol. Air Qual. Res. 2010, 

10, 95–101. 

27. Byeon, S.-H.; Willis, R.; Peters, T.M. Chemical characterization of outdoor and subway fine (PM2.5–

1.0) and coarse (PM10–2.5) particulate matter in Seoul (Korea) by Computer-Controlled Scanning 

Electron Microscopy (CCSEM). Int. J. Environ. Res. Public Health 2015, 12, 2090–2104. 

28. Chen, J.M.; Tan, M.; Li, Y.; Zheng, J.; Zhang, Y.; Shan, Z.; Zhang, G.; Li, Y. Characteristics of 

trace elements and lead isotope ratios in PM2.5 from four sites in Shanghai. J. Hazard Mater. 2008, 

156, 36–43. 

29. Cao, L.L.; Liu, K.; Zeng, J.R.; Long, S.L.; Bao, L.M.; Ma, C.Y.; Li, Y. Characteristics of fly ash 

and bottom ash from the municipal solid waste incineration plant in Shanghai. Nuclear Techn. 

2014, 37, doi:10.11889/j.0253-3219.2014.hjs.37.060102. 

30. Li, N.; Sioutas, C.; Cho, A.; Schmitz, D.; Misra, C.; Sempf, J.; Wang, M.Y.; Oberley, T.; Froines, J.; 

Nel, A. Ultrafine particulate pollutants induce oxidative stress and mitochondrial damage.  

Environ. Health Perspect. 2003, 111, 455–460. 

31. Terzano, C.; di Stefano, F.; Conti, V.; Graziani, E.; Petroianni, A. Air pollution ultrafine particles: 

Toxicity beyond the lung. Eur. Rev. Med. Pharmacol. Sci. 2010, 14, 809–821. 



Int. J. Environ. Res. Public Health 2015, 12 5089 

 

 

32. Kroll, A.; Gietl, J.K.; Wiesmueller, G.A.; Guensel, A.; Wohlleben, W.; Schnekenburger, J.;  

Klemm, O. In vitro toxicology of ambient particulate matter: Correlation of cellular effects with 

particle size and components. Environ. Toxicol. 2013, 28, 76–86. 

33. Badar, G.; Mansha, M.; Christian, K. Characterization of cytotoxicity of airborne particulates 

from urban areas of Lahore. J. Environ. Sci. 2012, 24, 2028–2034. 

34. Rothen-Rutishauser, B.; Muhlfeld, C.; Blank, F.; Musso, C.; Gehr, P. Translocation of particles 

and inflammatory responses after exposure to fine particles and nanoparticles in an epithelial 

airway model. Part. Fibre Toxicol. 2007, 4, 9. 

35. Geiser, M.; Rothen-Rutishauser, B.; Kapp, N.; Schurch, S.; Kreyling, W.; Schulz, H.; Semmler, 

M.; Hof, V.I.; Heyder, J.; Gehr, P. Ultrafine particles cross cellular membranes by nonphagocytic 

mechanisms in lungs and in cultured cells. Environ. Health Perspect. 2005, 113, 1555–1560. 

36. Xia, T.; Kovochich, M.; Brant, J.; Hotze, M.; Sempf, J.; Oberley, T.; Sioutas, C.; Yeh, J.I.;  

Wiesner, M.R.; Nel, A.E. Comparison of the abilities of ambient and manufactured nanoparticles 

to induce cellular toxicity according to an oxidative stress paradigm. Nano Lett. 2006, 6,  

1794–1807. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


