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ABSTRACT 

 

Jieun Park 

Department of Environmental Health Sciences 

Graduate School of Public Health 

Seoul National University 

 

Substantial economic growth due to the rapid development has caused 

severe air pollution in East Asian countries. One of the most concerned air pollutants 

is fine particulate matter (PM2.5) due to its ability to penetrate deeply into the lung 

through inhalation and elicit adverse health effects such as local and systemic 

inflammation. Among East Asian countries, South Korea and China are one of the 

most polluted countries which have been actively pursuing on reducing PM2.5 

concentrations by implementing air quality policies. In spite of the efforts toward 

PM2.5 reduction, South Korea and China are still suffering from high PM2.5 

concentrations. Since long-range transboundary air pollution affects neighboring 

countries, it is important to perform a comprehensive investigation in the major cities 

of both countries.  

This study focused on assessing the impact of organic extracts of PM2.5 

collected in Seoul, South Korea on primary human lung epithelial cells and 

identifying the relevant components and sources which induced lung epithelial cell 

injury. Twelve selected PM2.5 samples from May 2016 to January 2017 were used to 
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evaluate the effects of organic compounds of PM2.5 on inflammation, cellular aging, 

and macroautophagy in human lung epithelial cells isolated from healthy donors. 

Organic extracts of PM2.5 specifically induced neutrophilic chemokine, interleukin-

8, via extracellular signal-regulated kinase activation. While average PM2.5 mass 

concentrations, OC and EC had no significant correlations, the polycyclic aromatic 

hydrocarbons and n-alkanes were the most relevant components of PM2.5 with 

neutrophilic inflammation. Vegetative detritus and residential bituminous coal 

combustion sources were strongly correlated with neutrophilic inflammation, aging, 

and macroautophagy activation. 

Though numerous studies are available on the characterization and source 

apportionment of PM2.5 in South Korea and China, studies on simultaneous ground-

based PM2.5 monitoring and source apportionment in two countries are not available. 

In this study, simultaneous daily ground-based monitoring of PM2.5 in Seoul and 

Beijing was conducted and the positive matrix factorization (PMF) model was 

utilized for the source apportionment of ambient PM2.5 in the two sites. While nine 

contributing factors were identified, secondary nitrate, secondary sulfate, mobile, 

biomass burning, incineration, soil and aged sea salt sources were commonly found 

in both sites. Additionally, industry combined with coal combustion and oil 

combustion sources were identified in Seoul site and industry and coal combustion 

sources were identified for Beijing site. Ionic species (SO4
2−, NO3

−, and NH4
+) 

accounted for more than 50% of the total mass concentration of PM2.5, and secondary 

nitrate and secondary sulfate were the most dominant sources in both sites. Since 

secondary aerosols are largely affected by precursors from primary emissions and 
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meteorological conditions, the variations in the heating (November 15th to March 

15th) and non-heating (March 16th to November 14th) seasons were analyzed. 

Potential source contribution function (PSCF) maps showed that the potential source 

areas of secondary nitrate and secondary sulfate for Seoul and Beijing were in mostly 

located in north and east china, thus both sites are affected by regional and long-

range transport. During the heating season, industrial complex areas in northern 

China were shown as potential source areas for Beijing and coal-fired power plants 

near the Yangtze River and Henan province were identified as potential source areas 

for Seoul. During the non-heating season, coastal areas in eastern China to west part 

of South Korea were found to be potential source areas of secondary nitrate and 

secondary sulfate in both sites.  

This study focused on investigating the characteristics of organic 

compounds and sources of the PM2.5 organic extracts collected in Seoul, South Korea 

and Beijing, China and evaluated the production of PM2.5 organic extract induced 

IL-8 on human lung epithelial cells. The expression levels of IL-8 in Beijing were 

significantly higher than that of Seoul. Moreover, organic compounds within PM2.5 

were found to be more important in inducing neutrophilic inflammation than PM2.5 

mass concentrations itself. For Seoul, PAHs and biomass burning source showed 

strong correlations with IL-8 expression levels. However, organic compounds such 

as aliphatic diacaids, alkylcyclohexanes and alkanoic acids showed positive 

correlations with expression levels of IL-8 at Beijing. In addition, biogenic SOC and 

anthropogenic SOC showed strong correlations with IL-8 expression levels. The 
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results indicated that organic compounds and sources which play important role in 

inflammation at Seoul and Beijing are different.  

 

  

Keywords: PM2.5, source apportionment, long-range transport, lung epithelial cells, 

cytokine 
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1. Introduction 

Due to substantial economic activities, rapid development and urbanization 

have caused severe air pollution in East Asian countries. While PM10 with larger 

particles tend to be removed by filtration, fine particulate matter (PM2.5) with an 

aerodynamic diameter of 2.5 µm is capable to penetrate into the end of the respiratory 

tract through inhalation and cause adverse health effects (Dockery et al., 1993; 

Pinkerton et al., 2000; Kocbach, 2008; Araujo et al., 2009). In 2013, the International 

Agency for Research on Cancer (IARC) classified ambient PM2.5 as a Group 1 

carcinogen (Loomis et al., 2013). According to World Health Organization (WHO), 

exposure to ambient air pollution causes around 3 million deaths which is 5.4% of 

all deaths in the world. With a capability of inducing adverse health effects, PM2.5 

became a critical pollutant which has been regulated worldwide.  

As the airway is the first line of defense against inhaled PM2.5, studies have 

discovered that particulate matter elicits oxidative stress and inflammation, which 

induce inflammatory lung diseases such as chronic obstructive pulmonary disease 

and lung cancer (Anenberg et al., 2010; Kloog et al., 2013). PM2.5 not only cause 

local inflammation but also cause systemic inflammation which may even lead to 

mortality due to cardiovascular diseases (Kocbach, 2008; Wang et al., 2013). 

Numerous studies have found the strong correlations of PM2.5 with pulmonary and 

cardiovascular diseases as well as mortality (Pope and Dockery 1999; Donaldson et 

al., 2003; Davel et al., 2012; Bell et al., 2014; Tsai et al., 2013; Shah et al., 2015; 

Feng et al., 2016).  
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 China has been suffering from air pollution due to high PM2.5 

concentrations. As a second largest economy in the world, energy consumption in 

China has peaked to 3,123 million tonnes oil equivalent (Mtoe) and became the 

world’s largest energy consumer as of 2016 (Caulcrick, 2018). Most of the energy 

consumed are being used for power generation and are known as a large contributing 

factor for anthropogenic air pollutants (Xu et al., 2015). Furthermore, growths of 

population density and vehicles intensified air pollution. In China, air pollution 

causes around 1,032,833 premature deaths and shortens Chinese life expectancy by 

25 months. In addition, ambient PM2.5 is the fourth leading risk factor that causes 

death by cancer, chronic respiratory diseases, cardiovascular and circulatory diseases 

in China (Yang et al., 2013). With the fact that the severe haze affected approximately 

800 million people in 1.3 million km2 of area (Huang et al., 2014) and continuous 

occurrences of high concentration events (HCEs), China’s State Council has 

implemented Action Plan on Prevention and Control of Air Pollution (hereinafter 

Action Plan) on 10th September of 2013 (Zhang et al., 2016). The Action Plan was 

designed to control and reduce air pollution in period of 2013 to 2017. China has 

achieved a major goal of reducing the annual average PM2.5 concentration in Beijing 

to less than 60 µg/m3 in 2017 (Zhang et al., 2016). 

 In spite of these efforts toward PM2.5 reduction, in 2019, China ranked 

second in East Asia in terms of the highest annual average PM2.5 concentration (Air, 

2019). Forty-seven cities in China are in the top 100 polluted cities in the world. As 

China is among the largest countries in the world, the deterioration in its air quality 

has regional and international impacts because of the long-range transport of 
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pollutants to other Asian countries that are downwind and even to North America 

(Wuebbles et al., 2007). Transboundary air pollution affects neighboring countries 

because of the conducive meteorological and geographical characteristics.  

As South Korea is located in downwind of China, high PM2.5 concentration 

events are unavoidable (Kim et al., 2009; Park et al., 2016). South Korea has been 

actively pursuing the reduction of PM2.5 concentrations in air by implementing 

stringent air quality policies. In Korea, the Comprehensive Action Plan on Fine Dust 

was implemented in 2017, which aimed to reduce PM2.5 emissions by 30% by 2022 

in comparison to the level in 2014 and to reduce the annual average PM2.5 

concentrations in Seoul to 17–18 µg/m3 (Lee, 2018). Though, the PM2.5 level in 

South Korea was the highest among the Organisation for Economic Cooperation and 

Development (OECD) countries in 2019 (Air, 2019). 

Air quality worsens during cold seasons when the centralized heating 

system begins in China and westerly winds actively transport air masses to South 

Korea. However, PM2.5 is a mixture of complex chemicals elucidated from various 

sources under different meteorological conditions, fraction of its constituents varies 

greatly depending on the location. Moreover, the mechanism of PM2.5 toxicities may 

be different depending on chemical characteristics, sources, and regions (Valavanidis 

et al., 2008). To investigate the effects of PM2.5, number of toxicological studies used 

various commercial cell lines such as mouse macrophage cell line (RAW264.7), 

A549, and 16HBE (Zhou et al., 2015; Leclercq et al., 2016; MohseniBandpi et al., 

2017; Xu et al., 2020). In addition, particles generated in smog chamber or standard 

reference materials (SRM) were used for the exposure (Künzi et al., 2015; Leclercq 
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et al., 2016; Xu et al., 2020). Yet, the effects of collected ambient PM2.5 on primary 

human airway epithelial cells (HAECs) isolated directly from healthy donors are not 

studied.  

Numerous studies are available on the characterization and source 

apportionment of PM2.5 in South Korea (Lee et al., 2008; Choi et al., 2013; Heo et 

al., 2014; Park et al., 2020) and China (Zheng et al., 2005; Huang et al., 2014; Li et 

al., 2016; Tan et al., 2017; Gao et al., 2018). However, studies on simultaneous 

ground-based PM2.5 monitoring and source apportionment in both South Korea and 

China are not available. In order to implement an effective PM2.5 reduction and 

control policy in South Korea and China, it is important to perform a comprehensive 

investigation in the major cities of both countries. This study may increase efficiency 

by focusing on controlling sources those are most harmful with high toxicities.  
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2. Objectives of the study 

The overall aim of the study was to investigate the chemical characteristics 

and source apportionment of PM2.5 in Seoul, South Korea and Beijing, China and to 

assess toxicological effects of PM2.5 organic extracts from two sites in human lung 

epithelial cells.  

 

The following detailed objectives were set for each study: 

Chapter 2: The objective of this chapter was to assess the impact of PM2.5 organic 

extracts collected during the high concentration events in Seoul, South Korea on 

primary human lung epithelial cells. The relevant organic compounds and sources to 

neutrophilic inflammation, aging and macroautophagy activation were identified to 

provide evidence to regulate the harmful components of PM2.5 in Seoul. 

Chapter 3: Simultaneous ground-based monitoring and chemical analyses of PM2.5 

in Seoul, South Korea and Beijing, China were conducted for a period of one year. 

The objective of this chapter was to identify sources and estimate source 

contributions using PMF model and to determine potential source areas using the 

potential source contribution function (PSCF) in two sites.  

Chapter 4: The previous study found the high induction of IL-8 by PM2.5 organic 

extracts from Seoul. This chapter was expanded by increasing number of samples 

and analysis of polar organic compounds for detailed source apportionment using 

PMF. This chapter focused on investigating the characteristics of organic compounds 
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and sources of the PM2.5 organic extracts collected in Seoul, South Korea and Beijing, 

China and evaluated the production of PM2.5 organic extract induced IL-8 on human 

lung epithelial cells.   
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ABSTRACT 

Lung epithelial cells serve as the first line of defense against various inhaled 

pollutant particles. To investigate the adverse health effects of organic extracts of 

PM2.5 collected in Seoul, South Korea, we collected twelve selected PM2.5 samples 

from May 2016 to January 2017 and evaluated the effects of organic compounds of 

PM2.5 on inflammation, cellular aging, and macroautophagy in human lung epithelial 

cells isolated directly from healthy donors. Organic extracts of PM2.5 specifically 

induced neutrophilic chemokine, interleukin-8, via extracellular signal-regulated 

kinase activation. Moreover, PM2.5 significantly increased the expression of aging 

markers (p16, p21, and p27) and activated macroautophagy. Average mass 

concentrations, OC and EC, had no significant correlations with PM2.5 effects. 

However, polycyclic aromatic hydrocarbons and n-alkanes were the most relevant 

components of PM2.5 correlated with neutrophilic inflammation. Vegetative detritus 

and residential bituminous coal combustion sources were strongly correlated with 

neutrophilic inflammation, aging, and macroautophagy activation. These data 

suggest that the chemical composition of PM2.5 is crucially important to determine 

the adverse health effects of PM2.5. Our study provides encouraging evidence to 

regulate the harmful components of PM2.5 in Seoul.  

 

 

Keywords: PM2.5, organic compounds, lung epithelial cells, cytokine, senescence, 

macroautophagy 



18 

 

  



19 

 

1. Introduction 

The persistent occurrence of ambient air pollution has attracted a large 

amount of attention as a global environmental issue. The International Agency for 

Research on Cancer (IARC) classified particulate matter from outdoor air pollution 

as a Group 1 carcinogen in 2013 (Loomis et al., 2013). In particular, ambient fine 

particulate matter (PM2.5) which has an aerodynamic diameter of 2.5 µm or less is 

well known to be correlated with an increase in mortality and morbidity caused by 

cardiovascular and pulmonary impairments (Davel et al., 2012; Bell et al., 2014; Tsai 

et al., 2013; Shah et al., 2015; Feng et al., 2016). As the airway is the first line of 

defense against inhaled PM2.5, studies have discovered that particulate matter elicits 

oxidative stress and inflammation, which induce inflammatory lung diseases such as 

chronic obstructive pulmonary disease (COPD) and lung cancer (Pope and Dockery, 

1999; Donaldson et al., 2003; Anenberg et al., 2010; Kloog et al., 2013). Potential 

mechanisms of PM2.5-induced adverse health effects on the human respiratory 

system have been consistently found in toxicological, experimental-based studies 

and in epidemiological studies (Bell et al., 2014; Gualtieri et al., 2011; Lu et al., 2015; 

Xing et al., 2016). To investigate the effects of PM2.5, number of toxicological studies 

used commercial lung epithelial cells (Rumelhard et al., 2007; Alessandria et al., 

2014; Cachon et al., 2014; Song et al., 2017) and Standard Reference Materials 

(SRM) urban particulate matter. However, the effects of collected ambient 

particulate matter, especially in Seoul, South Korea, on primary human airway 

epithelial cells (HAECs) isolated directly from healthy donors are not studied.  
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Due to the complexity of PM2.5 itself, the adverse health effects of PM2.5 

may be different depending on chemical characteristics, sources, and regions. While 

PM2.5 is composed of various chemical constituents, organic material is chemical 

constituents that comprise about 20-40% of PM2.5 mass in urban area (He et al., 2001; 

Dan et al., 2004; Putaud et al., 2010) and organic carbon (OC) and elemental carbon 

(EC) are highly related to adverse health effects such as emergency room visits and 

cardiopulmonary diseases (Lanki et al., 2006; Vedal et al., 2013; Qiao et al., 2014). 

In addition, organic compounds such as polycyclic aromatic hydrocarbons (PAHs) 

are prominent carcinogens (Baird et al., 2005; Gilli et al., 2007; Dilger et al., 2016). 

Thus, finding the sources of PM2.5 based on local chemical characteristics and 

linking to toxicological effects is needed. With the supposition that the PM2.5 in 

Seoul will have distinct organic compounds and contributing sources, we analyzed 

organic compounds in PM2.5 and identified potential contributing sources by using a 

receptor model. Recently, the frequency of high concentration events (HCEs) has 

been increasing in Seoul. According to The 2016 Environmental Performance Index 

Report, more than 50% of Korean people are exposed to dangerous levels of PM2.5 

(Hsu et al., 2016). In the present study, we investigated the impact of organic extracts 

of PM2.5 collected in Seoul, South Korea on primary human lung epithelial cells and 

identified the relevant components and sources in PM2.5.  
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2. Materials and methods 

2.1 Sampling site and collection procedure 

PM2.5 samples were collected on the rooftop of the Graduate School of 

Public Health building (37.581̊N, 127.001̊E) at Seoul National University in Seoul, 

Korea. Samples were collected for twenty-four-hour by using a high-volume air 

sampler and a low-volume air sampler equipped with filter pack (URG-2000-30FG, 

URG, USA) and cyclone (URG-2000-30EH, URG, USA). A high-volume air 

sampler loaded with quartz microfiber filters (WhatmanTM, UK) collected PM2.5 with 

a flow rate of 40 cfm, and the collected filters were used for organic extraction. A 

low-volume air sampler was loaded with Teflon filters (PTFE membrane, Pall 

Corporation, USA) to measure mass concentrations and with quartz filters (Quartz 

microfiber filter, Pall Corporation, USA) to quantify the concentrations of OC and 

EC. The PM2.5 mass concentration was measured with a semi-micro balance 

(accuracy of 0.01 mg) (CP225D, Sartorius), and twelve samples that were collected 

during HCEs between May 2016 and January 2017 were selected. Three HCE 

samples from each season were selected by the Korean national air quality standards 

of PM2.5 which is 24 h average concentration of 35 µg/m3. Thus, a total of twelve 

HCE samples were used for this study. 

 

2.2 Organic extraction of the collected PM2.5 samples 

Quartz filters were baked in a furnace at 450℃ for 24 h, and the collected 

filters were stored at -20℃ before use. Samples were punched by a stainless cutter, 

and two of the punched filters (4 cm x 4 cm) were used for extraction. Solvent 
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mixture of dichloromethane:methanol (3:1, v/v) was used for sample extractions 

with ultrasonic bath. The extracted samples were concentrated to 10 mL by a 

Turbovap II (Zymark Co., USA) with N2 gas and 0.2 µm Acrodisc Syringe Filters 

(Pall Corporation, USA) were used for filtration. The filtered samples were then 

concentrated to 1 mL with a Turbovap II and Reacti-Therm (Thermo Fisher 

Scientific, USA) under a gentle stream of N2 gas and were stored at -20℃. The 

concentrated samples were used for organic compound analysis and in vitro 

experiments. 

 

2.3 Cells 

Normal human bronchial epithelial cells (BEAS-2B from ATCC, Manassas, 

VA, USA) were maintained in defined keratinocyte-SFM (Gibco by Thermo Fisher 

Scientific, Waltham, MA, USA) at 37C under 5% CO2. Normal primary HAECs 

were obtained after review and approval by the Seoul National University Hospital 

Institutional Review Board (SNUH IRB number: H-1602-108-742). Primary 

HAECs were isolated and grown as previously described and is detailed in Lee et al., 

2017.  

 

2.4 Cell viability 

Cell viability was measured by MTT and lactate dehydrogenase (LDH) 

release assays. LDH release assays were performed using a CytoTox-ONETM 

homogeneous membrane integrity assay kit (Promega, Madison, WI, USA). Detailed 

method is stated in Lee et al., 2015. 
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2.5 Protein extraction and western blot analysis 

Equal amounts of protein were resolved by gradient SDS-polyacrylamide 

gel electrophoresis (Thermo Fisher Scientific, Waltham, MA, USA) and transferred 

to nitrocellulose membranes (Thermo Fisher Scientific). The membranes were 

blocked with 5% skim milk blocking buffer for 1 h to block non-specific binding 

and incubated overnight at 4C with primary antibodies. Then the membranes were 

washed with washing buffer three times and incubated with horseradish peroxidase-

conjugated secondary antibodies in blocking buffer for 1 h. After successive washes, 

the membranes were developed using a SuperSignal West Pico Chemiluminescent 

Kit (Thermo Fisher Scientific). 

 

2.6 Multiplex Bead Assay 

The levels of cytokines in cell culture media were determined using a Bio-

Plex ProTM Cytokine Assay Kit (Bio-Rad, Hercules, CA) according to the 

manufacturer's instructions. 

 

2.7 GC/MS analysis and OC/EC analysis  

Gas chromatography-mass spectrometry (7080B/5977B, Agilent 

Technologies, Inc., USA) was employed to quantify 52 organic compounds in each 

extract. The analyzed species included 23 species of PAHs, 17 species of n-alkanes, 

7 species of hopanes and 5 species of alkylcyclohexanes and isoprenoids. 

The samples collected in the low-volume sampler were punched (1.5 cm x 

1.0 cm) to analyze major components of carbon species which are OC and EC. OC 



24 

 

and EC were analyzed with a carbon aerosol analyzer (Sunset Laboratory Inc., USA). 

Thermal/optical transmittance (TOT) method was used for the data quantification. 

 

2.8 Source apportionment of organic compounds in PM2.5 using CMB 

model 

Source apportionment of the OC fraction of PM2.5 was performed by using 

a chemical mass balance (CMB v8.2) provided by the U.S. Environmental Protection 

Agency (EPA). The CMB air quality model is one of the receptor models that has 

been widely used to identify sources and quantify source contributions (Coulter, 

2004). The concentrations of organic compounds, OC, and EC in twelve samples 

were used as ambient data in addition to the speciated source profile data. The 

optimal set of source profiles contained four sources which are vegetative detritus 

(Rogge et al., 1993), residential bituminous coal combustion soot (Zhang et al., 

2008), diesel engines (Lough et al., 2007), and gasoline motor vehicles (Lough et al., 

2007).  
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3. Results 

3.1 The effect of PM2.5 organic compounds on cell viability in lung 

epithelial cells (BEAS-2B) 

As PM2.5 organic compounds have been shown to be cytotoxic, we first 

evaluated the dose dependent effect of PM2.5 organic compounds on the viability of 

lung epithelial cells. BEAS-2B cells were treated with vehicle control (V.C., 

dichloromethane) and PM2.5 organic extracts (0.1, 0.5, 1, 2%) of single sample 

(sample collected on November 8th, 2016) for 24 h, and cell viability assays (MTT 

and LDH release assays) were performed. PM2.5 organic extracts (1%) or less did not 

affect cell viability (Figure 2-1). Based on this result, we used PM2.5 (1%) in all 

experiments. Data were analysed with a two-tailed unpaired t-test to assess statistical 

differences between groups. All statistical analyses were performed using GraphPad 

Prism software (San Diego, CA, USA). A p-value < 0.05 was considered to be 

statistically significant.  
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Figure 2-1 The effects of PM2.5 on cell viability in lung epithelial cells: (A) MTT, (B) 

LDH release assay, **p<0.05. 
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3.2 The effect of PM2.5 organic compounds on cytokine production and 

the expression of aging and macroautophagy markers in BEAS-2B cells 

To test whether PM2.5 organic compounds (collected on November 8th 2016) 

induce the production of pro-inflammatory or anti-inflammatory cytokines in lung 

epithelial cells, BEAS-2B cells were incubated with V.C. and PM2.5 (1%) for 24 h. 

The levels of interleukin-1 (IL-1), IL-6, IL-8, tumor necrosis factor- (TNF-), 

IL-17, basic fibroblast growth factor (bFGF), and vascular endothelial growth factor 

(VEGF) in cell culture media were determined by a multiplex bead assay. PM2.5 

organic compounds exclusively induced the production of IL-8 but not IL-1, IL-6, 

TNF-, IL-17, bFGF, or VEGF (Figure 2-2A and B). IL-8 is the primary cytokine 

involved in the recruitment of neutrophils to the site of infection or damage 

(Richman-Eisenstat et al., 1993; Pease and Sabroe, 2002). IL-8 released from lung 

epithelial cells is well known to recruit neutrophils to the lung, thus further 

amplifying inflammation. Many studies have reported that IL-8 and neutrophils have 

been detected in COPD patients. It has been suggested that mitogen-activated protein 

(MAP) kinases, especially extracellular signal-regulated kinase (ERK), play a role 

in PM2.5-induced pro-inflammatory signaling (Wang et al., 2010). Therefore, we 

investigated the role of the ERK pathway in PM2.5-induced IL-8 production. PM2.5 

activated ERK (Figure 2-2C), and blocking ERK activation by a chemical inhibitor 

(U0126) decreased the PM2.5-mediated production of IL-8 (Figure 2-2D). These data 

suggest that the ERK pathway is responsible for IL-8 release in response to PM2.5 

stimulation in lung epithelial cells. 
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Senescence and macroautophagy activation in lung epithelial cells were 

reported to be involved in the pathogenesis of inflammatory lung diseases such as 

COPD (Kuwano et al., 2016). To investigate the effect of PM2.5 on senescence and 

macroautophagy activation in lung epithelial cells, BEAS-2B cells were treated with 

PM2.5 organic extracts for 24 h, and the expression levels of senescence markers (p16, 

p21, and p27) and a macroautophagy marker (light chain 3B, LC3B) were evaluated 

by Western blot analysis. Significant increase in the expression levels of p16, p21, 

p27, and LC3B were shown (Figure 2-3).  
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Figure 2-2 The effects of PM2.5 on cytokine production in BEAS-2B cells: (A) 

BEAS-2B cells treated with V.C. or PM2.5 organic compounds (1%) for 24 h, (B) 

Cells incubated with various concentrations (%) for 24 h, (C) Western blot analysis 

for p-ERK, ERK, and GAPDH, (D) Treatment of U0126 and measurement of IL-8 

with a multiplex bead assay  
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Figure 2-3 The effects of PM2.5 on the expression of aging and macroautophagy 

markers in BEAS-2B cells 
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3.3 The effect of PM2.5 organic compounds on inflammation, aging, and 

macroautophagy activation in primary HAECs 

To confirm the activation of ERK and increased levels of IL-8 in primary 

cells, primary HAECs from six healthy control patients with no symptoms of COPD 

or respiratory diseases were collected using a bronchial brush. The epithelial lineage 

was verified by immunohistochemical staining. Cultured primary HAECs stained 

intensely and exclusively for epithelial-specific markers (cytokeratin and E-

cadherin). No expression was observed for macrophages and endothelial lineage 

markers (CD11b and CD31) (data not shown). Verified HAECs from six donors 

were exposed to twelve PM2.5 organic extracts (1%) for 24 h. PM2.5 (1%) did not 

affect cell viability of primary HAECs as well as BEAS-2B cells (data not shown). 

PM2.5 activated ERK and induced IL-8 production (Figure 2-4A and C). The 

expression levels of active ERK and IL-8 were significantly higher when the cells 

were exposed to fall and winter samples than when cells were exposed to spring and 

summer samples (Figure 2-4B and C). Moreover, we observed that PM2.5 

significantly increased the expression levels of senescence markers (p16, p21, and 

p27) and activated macroautophagy (Figure 2-5A and B). No significant seasonal 

differences were found in the expression levels of senescence and macroautophagy 

markers (Figure 2-5B).  

  



32 

 

 

Figure 2-4 The effects of PM2.5 on ERK activation and IL-8 production in primary 

HAECs: (A) Western blot analysis for p-ERK, ERK, and GADPH, (B) p-ERK 

expression normalized to GAPDH in each season, (C) IL-8 concentrations in each 

season 
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Figure 2-5 The effects of PM2.5 on the expression of aging and autophagy markers in 

primary HAECs: (A) Western blot analysis for p16, p21, p27, LC3B, and GAPDH, 

(B) Seasonal variation for the expression levels of senescence and macroautophagy 

markers 
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3.4 Analysis of PM2.5 constituents correlated with inflammation, aging, 

and macroautophagy activation 

As Figure 2-6A shows, the average mass concentration of the twelve PM2.5 

samples was 83.2±3.85 µg/m3. Divided seasonally, the highest average PM2.5 mass 

concentration was observed in spring (149±11.2 µg/m3), followed by winter 

(76.4±3.41 µg/m3), summer (59.0±10.1 µg/m3), and fall (48.4±5.97 µg/m3). The 

average concentrations of OC and EC in the twelve samples were 11.5±0.34 µg/m3 

and 1.32±0.05 µg/m3, respectively. The seasonal averages of OC and EC 

concentrations showed similar trend as the seasonal average PM2.5 mass 

concentrations; thus, the average concentrations were the highest in the spring (OC: 

15.3±0.43 µg/m3, EC: 2.06±0.05 µg/m3), followed by winter (OC: 13.2±0.41 µg/m3, 

EC: 1.38±0.14 µg/m3), fall (OC: 9.53±1.25 µg/m3, EC: 1.00±0.06 µg/m3) and 

summer (OC: 7.92±1.51 µg/m3, EC: 0.84±0.20 µg/m3). 

The overall average and seasonal average concentrations of the sum of 

PAHs, n-alkanes, hopanes and alkylcyclohexanes and isoprenoids were calculated 

and are presented in Figure 2-6B (Table 2-1). While n-alkanes had the highest 

average concentrations among organic compounds, the highest average 

concentration was observed in winter (96.9±9.05 ng/m3), followed by fall (80.1±2.15 

ng/m3), summer (79.5±7.18 ng/m3) and spring (74.4±1.75 ng/m3). The average 

concentrations of alkylcyclohexanes and isoprenoids were the highest in winter 

(92.1±15.4 ng/m3) and the lowest in spring (23.8±6.97 ng/m3). For PAHs, the 

average concentration in winter (34.0±2.00 ng/m3) was the highest, followed by fall 

(22.3±2.65 ng/m3), spring (9.88±0.44 ng/m3), and summer (7.13±0.37 ng/m3). 
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Unlike other organic compounds, hopanes had the highest average concentration in 

summer (1.57±0.13 ng/m3), followed by fall (1.25±0.09 ng/m3), spring (1.04±0.03 

ng/m3), and winter (0.69±0.12 ng/m3). The seasonal trends of organic compounds 

did not follow those of PM2.5 and OC. 

The association between PM2.5 organic compounds and IL-8 production 

was measured by using the Pearson correlation coefficient (r). R values greater than 

0.70 with a p-value less than 0.05 were considered highly correlated compounds. 

PM2.5 mass concentrations, OC and EC had negative or no significant correlations 

with inflammation, aging, and macroautophagy activation, while several organic 

compounds showed significant correlations.  

The results showed that increases in PAHs and several n-alkanes were 

highly associated with increases in both ERK activation and IL-8 production (Table 

2-2, Table 2-3). PAHs such as phenanthrene, anthracene, fluoranthene, pyrene, 

cyclopenta[cd]pyrene, benzo[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, 

benzo[a]pyrene, benzo[e]pyrene, indeno[1,2,3-cd]pyrene, dibenzo[a,h]anthracene, picene, 

benzo[ghi]perylene, and coronene showed a high correlation with the expression 

levels of active ERK and IL-8. The n-alkanes that had high correlations with active 

ERK and IL-8 were C27, C30, C31, C32, C33, and C34. Among alkylcyclohexanes 

and isoprenoids, only dibenzofuran was highly correlated with active ERK and IL-8 

(Table 2-4). 

PAHs and n-alkanes also showed high correlations with the expression of 

aging and macroautophagy markers (Table 2-5 and Table 2-6). The PAHs highly 

correlated with p27 were pyrene, cyclopenta[cd]pyrene, benzo[a]anthracene, 
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benzo[b]fluoranthene, benzo[e]pyrene, indeno[1,2,3-cd]pyrene, and benzo[ghi]perylene. 

The macroautophagy marker, LC3B, was highly correlated with fluoranthene, pyrene, 

benzo[a]anthracene, benzo[b]fluoranthene, indeno[1,2,3-cd]pyrene, benzo[ghi]perylene, 

and coronene. 
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Figure 2-6 PM2.5 mass concentrations and concentrations of organic compounds: (A) 

PM2.5 mass concentrations and OC and EC concentrations in twelve samples (B) 

Concentrations of organic compounds, including PAHs, n-alkanes, alkylcyclohexanes 

and isoprenoids, and hopanes



38 

 

 

Table 2-1 Average concentrations for chemical species 

 

 

Chemical Species 
Total (N=12) Spring (N=3) Summer (N=3) Fall (N=3) Winter (N=3) 

mean SEM mean SEM mean SEM mean SEM mean SEM 

PM2.5 83.23 3.85 149.10 11.19 59.03 10.10 48.36 5.97 76.42 3.41 

OC 11.49 0.34 15.34 0.43 7.92 1.51 9.53 1.25 13.16 0.41 

EC 1.32 0.05 2.06 0.05 0.84 0.20 1.00 0.06 1.38 0.14 

ΣPAHs 18.34 1.00 9.88 0.44 7.13 0.37 22.34 2.65 34.00 2.00 

Σn-alkanes 82.72 1.47 74.41 1.75 79.53 7.18 80.07 2.15 96.86 9.05 

ΣHopanes 1.14 0.04 1.04 0.03 1.57 0.13 1.25 0.09 0.69 0.12 

ΣAlkylcyclohexanes &Isoprenoids 62.47 4.28 0.30 0.02 0.31 0.02 0.34 0.02 0.72 0.04 
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Table 2-2 Correlation between IL-8/active ERK and PAHs 

PAHs IL-8 p-ERK 

  r p value r p value 

PAHs sum 0.89 <0.001 0.92 <0.001 

1-Methylnaphthalene 0.06 0.845 -0.01 0.967 

2-Methylnaphthalene 0.40 0.248 0.27 0.449 

2,6-Dimethylnaphthalene 0.15 0.642 0.38 0.219 

Fluorene 0.54 0.068 0.50 0.102 

Phenanthrene 0.82 0.001 0.89 <0.001 

Anthracene 0.70 0.012 0.71 0.009 

Fluoranthene 0.80 0.003 0.90 <0.001 

Pyrene 0.85 <0.001 0.91 <0.001 

Benzo[ghi]flouranthene 0.81 0.100 0.34 0.578 

Cyclopenta[cd]pyrene 0.75 0.005 0.60 0.040 

Benzo[a]anthracene 0.85 <0.001 0.83 <0.001 

Chrysene 0.79 0.064 0.75 0.083 

Benzo[b]fluoranthene 0.86 <0.001 0.90 <0.001 

Benzo[k]fluoranthene 0.93 <0.001 0.87 0.002 

Benzo[a]pyrene 0.90 <0.001 0.93 <0.001 

Benzo[e]pyrene 0.89 <0.001 0.88 <0.001 

Perylene 0.23 0.466 0.04 0.908 

Indeno[1,2,3-cd]pyrene 0.88 <0.001 0.88 <0.001 

Dibenzo[a,h]anthracene 0.86 <0.001 0.89 <0.001 

Picene 0.86 <0.001 0.88 <0.001 

Benzo[ghi]perylene 0.86 <0.001 0.87 0.001 

Coronene 0.90 <0.001 0.90 <0.001 

Dibenz[a,e]pyrene 0.22 0.487 0.34 0.277 

r>0.7 with p value<0.05 are shown in bold 
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Table 2-3 Correlation between IL-8/active ERK and n-alkanes 

n-alkanes IL-8 p-ERK 

  r p value r p value 

n-alkanes sum 0.36 0.248 0.59 0.044 

n-C21 -0.12 0.880 0.95 0.054 

n-C22 0.12 0.848 0.79 0.115 

n-C23 0.10 0.871 0.81 0.100 

n-C24 0.15 0.806 0.87 0.053 

n-C25 0.41 0.420 0.92 0.010 

n-C26 -0.49 0.181 -0.22 0.575 

n-C27 0.87 <0.001 0.92 <0.001 

n-C28 0.27 0.512 0.49 0.219 

n-C29 0.36 0.252 0.22 0.498 

n-C30 0.80 0.002 0.76 0.004 

n-C31 0.93 <0.001 0.83 <0.001 

n-C32 0.91 <0.001 0.84 <0.001 

n-C33 0.93 <0.001 0.89 <0.001 

n-C34 0.83 <0.001 0.80 0.002 

n-C35 -0.38 0.225 -0.19 0.549 

n-C36 -0.71 0.009 -0.80 0.002 

n-C37 -0.10 0.760 -0.03 0.915 

r>0.7 with p value<0.05 are shown in bold 
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Table 2-4 Correlation between IL-8/active ERK and alkylcyclohexanes & 

Isoprenoids 

Alkylcyclohexanes & IL-8 p-ERK 

 Isoprenoids r p value r p value 

Alkylcyclohexanes and Isoprenoids sum -0.31 0.328 -0.31 0.324 

Dibenzofuran 0.61 0.036 0.76 0.004 

9-Methyl-fluorene 0.34 0.278 0.49 0.108 

2-Methylnonadecane 0.17 0.595 0.26 0.423 

3-Methylnonadecane 0.20 0.529 0.30 0.340 

Nonadecylcyclohexane -0.46 0.129 -0.76 0.005 

r>0.6 with p value<0.05 are shown in bold 
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Table 2-5 Correlation between p16, p21, p27, LC3B levels and PAHs 

PAHs p16 p21 p27 LC3B 

  r 
p 

value 
r 

p 

value 
r 

p 

value 
r 

p 

value 

PAHs sum 0.50 0.100 0.17 0.606 0.75 0.005 0.71 0.009 

1-Methylnaphthalene 0.19 0.557 -0.43 0.162 -0.21 0.512 -0.12 0.700 

2-Methylnaphthalene 0.37 0.297 0.07 0.842 0.04 0.908 0.32 0.363 

2,6-Dimethylnaphthalene 0.06 0.854 0.00 0.997 0.51 0.088 0.20 0.539 

Fluorene 0.69 0.012 0.05 0.871 0.46 0.129 0.46 0.138 

Phenanthrene 0.50 0.095 0.22 0.486 0.69 0.014 0.69 0.013 

Anthracene 0.58 0.047 0.36 0.250 0.65 0.022 0.54 0.069 

Fluoranthene 0.35 0.299 0.14 0.677 0.68 0.020 0.72 0.012 

Pyrene 0.44 0.150 0.20 0.532 0.74 0.006 0.72 0.008 

Benzo[ghi]flouranthene -0.20 0.749 0.22 0.728 0.74 0.149 0.52 0.374 

Cyclopenta[cd]pyrene 0.44 0.150 0.47 0.127 0.81 0.001 0.63 0.029 

Benzo[a]anthracene 0.57 0.052 0.37 0.243 0.77 0.003 0.71 0.010 

Chrysene -0.21 0.697 0.47 0.350 0.72 0.107 0.74 0.093 

Benzo[b]fluoranthene 0.44 0.150 0.17 0.591 0.70 0.011 0.71 0.009 

Benzo[k]fluoranthene 0.40 0.282 0.01 0.979 0.61 0.081 0.56 0.120 

Benzo[a]pyrene 0.51 0.092 0.14 0.666 0.67 0.016 0.66 0.019 

Benzo[e]pyrene 0.49 0.109 0.16 0.620 0.71 0.010 0.65 0.022 

Perylene -0.21 0.520 0.28 0.373 0.34 0.279 0.03 0.926 

Indeno[1,2,3-cd]pyrene 0.63 0.049 0.44 0.200 0.78 0.008 0.85 0.002 

Dibenzo[a,h]anthracene 0.42 0.176 0.13 0.693 0.68 0.014 0.66 0.021 

Picene 0.43 0.161 0.14 0.673 0.69 0.014 0.65 0.022 

Benzo[ghi]perylene 0.56 0.095 0.29 0.416 0.71 0.022 0.73 0.017 

Coronene 0.50 0.096 0.24 0.445 0.67 0.018 0.73 0.007 

Dibenz[a,e]pyrene 0.00 0.999 -0.23 0.464 0.40 0.203 0.34 0.287 

r>0.5 with p value<0.05 are shown in bold 
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Table 2-6 Correlation between p16, p21, p27, LC3B levels and n-alkanes 

n-alkanes p16 p21 p27 LC3B 

  r p value r p value r p value r p value 

n-alkanes 

sum 
-0.06 0.851 -0.05 0.883 0.47 0.120 0.65 0.022 

n-C21 -0.80 0.204 -0.62 0.379 -0.01 0.990 0.56 0.443 

n-C22 -0.69 0.198 -0.22 0.718 0.33 0.587 0.66 0.227 

n-C23 -0.80 0.104 -0.39 0.521 0.19 0.759 0.55 0.340 

n-C24 -0.78 0.118 -0.41 0.497 0.21 0.738 0.57 0.315 

n-C25 -0.65 0.160 0.02 0.975 0.37 0.470 0.67 0.143 

n-C26 -0.16 0.683 -0.21 0.583 0.15 0.699 0.11 0.787 

n-C27 0.35 0.271 0.05 0.888 0.59 0.044 0.75 0.005 

n-C28 -0.44 0.277 -0.09 0.830 0.10 0.806 0.48 0.233 

n-C29 0.09 0.772 0.26 0.417 0.39 0.213 0.44 0.155 

n-C30 0.39 0.212 0.27 0.401 0.57 0.052 0.71 0.009 

n-C31 0.72 0.009 0.13 0.689 0.65 0.021 0.68 0.015 

n-C32 0.51 0.088 0.22 0.484 0.67 0.018 0.69 0.013 

n-C33 0.63 0.027 0.12 0.722 0.67 0.017 0.67 0.017 

n-C34 0.47 0.127 0.11 0.727 0.60 0.039 0.60 0.038 

n-C35 -0.23 0.482 -0.09 0.781 -0.14 0.661 -0.07 0.830 

n-C36 -0.59 0.043 -0.12 0.706 -0.54 0.071 -0.56 0.057 

n-C37 -0.08 0.802 -0.31 0.321 0.00 0.993 0.09 0.787 
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3.5 Analysis of CMB results correlated with inflammation, aging, and 

macroautophagy activation 

The CMB model using molecular marker was performed to calculate source 

contributions to OC in PM2.5. Even though only up to 20% of organic compounds 

can be quantified, these have been applied for source apportionment through CMB 

(Schauer et al., 2000; Zheng et al., 2002). Source contribution estimates and 

percentages obtained from the CMB model are displayed in Figure 2-7 (Table 2-7). 

The percent contribution was calculated by dividing the source contribution 

estimates by the OC concentrations. Four sources were identified as major 

contributors: vegetative detritus, diesel engines, gasoline motor vehicles, and 

residential bituminous coal combustion soot. 

The source with the highest percent contribution was gasoline motor 

vehicles (7.8%). The contribution of gasoline motor vehicles in summer (13.5%) was 

11.6% higher than that in spring (1.9%). Vegetative detritus, a biogenic source from 

leaf abrasions (Rogge et al., 1993), had an overall average contribution of 6.0%. The 

contributions of vegetative detritus in fall (8.6%) and winter (8.4%) were higher than 

those in spring (3.6%) and summer (2.4%). Residential bituminous coal combustion 

soot sources had an average contribution to OC of 2.9%. The significantly higher 

contributions of residential bituminous coal combustion soot in fall (4.1%) and 

winter (5.9%) than in spring (1.1%) and summer (0.2%) may be due to the higher 

usage of residential heating during cold seasons. The contribution of diesel engines 

to the total samples was 2.8%. Although the contributions of diesel engines in spring 

(4.9%) and summer (3.1%) were higher than those in fall (1.9%) and winter (1.8%), 

the overall contributions were relatively consistent throughout the seasons. Although 
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the four identified primary sources explained approximately 18% of the total PM2.5 

source contributions, marked seasonal variations were observed. 

Correlations between four major primary contributing sources and ERK 

activation, IL-8 production, and the expression levels of aging and macroautophagy 

markers were examined (Figure 2-8), and p-ERK, IL-8, p27, and LC3B showed a 

high correlation with vegetative detritus and residential bituminous coal combustion. 

Diesel engines and gasoline motor vehicle sources did not show any association. IL-

8 release had high correlations with vegetative detritus (r=0.84) and residential 

bituminous coal combustion soot (r=0.85). Similarly, ERK activation had a high 

correlation with vegetative detritus (r=0.82) and residential bituminous coal 

combustion soot (r=0.91). The expression levels of p27 and LC3B had moderately 

high correlations with vegetative detritus (r=0.58, r=0.72) and residential bituminous 

coal combustion soot (r=0.54, r=0.63).  
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Figure 2-7 Results of the molecular marker of CMB source apportionments for the 

twelve samples. (A) Source contribution estimates of the four sources. (B) Percent 

contributions to OC of the four sources. 
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Table 2-7 Source apportionment of OC estimated by the CMB model (Unit: µg/m3)  

  VegDet Diesel GasMV RSBT 

  SCE std SCE std SCE std SCE std 

Spring 1 0.65 0.07 0.71 0.19 0.11 0.19 0.21 0.03 

Spring 2 0.73 0.08 0.73 0.18 0.63 0.17 0.10 0.03 

Spring 3 0.31 0.04 0.79 0.18 0.15 0.15 0.19 0.03 

Summer 1 0.15 0.03 0.62 0.18 0.94 0.17 0.01 0.02 

Summer 2 0.11 0.02 0.00 0.06 1.44 0.26 -0.02 0.02 

Summer 3 0.32 0.04 0.13 0.07 0.84 0.20 0.04 0.03 

Fall 1 0.83 0.09 0.11 0.07 0.46 0.24 0.40 0.05 

Fall 2 0.59 0.07 0.23 0.08 1.07 0.24 0.21 0.04 

Fall 3 1.05 0.11 0.20 0.08 0.25 0.27 0.54 0.07 

Winter 1 1.02 0.11 0.37 0.10 1.05 0.37 0.66 0.08 

Winter 2 0.91 0.10 0.16 0.07 -0.51 0.34 0.80 0.09 

Winter 3 1.41 0.15 0.16 0.08 0.02 0.36 0.86 0.10 

VegDet: vegetative detritus; GasMV: gasoline vehicle emission; RSBT: residential 

bituminous coal combustion; SCE: source contribution estimate 
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Figure 2-8 Correlation matrix between four sources and ERK activation, IL-8 

production, and the expression levels of aging/macroautophagy markers (VegDet: 

vegetative detritus, GasMV: gasoline motor vehicles, RSBT: residential bituminous 

coal combustion). 
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4. Discussion 

The constituents and sources of ambient PM2.5 organic aerosols inducing 

adverse health effects are not yet well understood. In the present study, we show that 

organic extracts of PM2.5 collected in Seoul during HCEs induce neutrophilic 

inflammation, cellular aging, and macroautophagy activation in primary lung 

epithelial cells. In particular, several organic constituents (i.e., PAHs and n-alkanes), 

as well as specific sources, including the biomass related source (i.e., vegetative 

detritus) and residential bituminous coal combustion soot, were found to be highly 

correlated with increases in inflammation and cell senescence, and macroautophagy 

activation.  

PAHs and n-alkanes were most relevant components to mediate ERK 

activation-dependent IL-8 production. The PAHs compounds including 

benzo[a]pyrene, cyclopenta[cd]pyrene, dibenzo[a,h]anthracene, benzo[a]anthracene, 

benzo[b]fluoranthene, benzo[k]fluoranthene, and indeno[1,2,3-cd]pyrene were 

significantly involved in causing IL-8 production. Similar to our results, previous 

studies have demonstrated that the exposure to PAHs in PM2.5, major components of 

carbonaceous species significantly induces pro-inflammatory cytokine production 

(Den Hartigh et al., 2010; Chen et al., 2019). The IL-8 release and ROS generation 

are known to be mainly related to OC, especially PAHs which are primary organic 

compounds from heating sources.  

The average concentrations of PAHs were higher during cold seasons than 

that of warm seasons in Seoul and found that PM2.5 samples from cold seasons were 

highly correlated with inflammation. The study which was conducted in Nanjing, 

China, shows similar seasonal trend. Cold seasons have higher levels of PAHs which 
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mediate lung epithelial cell death and inflammation (Chen et al., 2019). While many 

studies have reported that PM2.5 induces the release of several inflammatory 

cytokines such as IL-1, IL-6, TNF-, organic extracts of PM2.5 collected in Seoul 

specifically induced IL-8 production, which might be due to the difference in 

chemical composition of PM2.5 from different locations and difference in cell-type.  

PAHs may be emitted both from natural and anthropogenic sources. 

However, anthropogenically produced PAHs are predominant (Maliszewska-

Kordybach, 1999). Due to the relationship between temperature and vapor pressure, 

airborne PAHs are more likely to bound to particulate matter in winter; on the 

contrary, larger fraction are in gas phase in summer (Gualtieri et al., 2010; Holme et 

al., 2019). As PAHs are also produced in the process of incomplete combustion of 

organic materials (Kim et al., 2013), high concentrations of PAHs during fall and 

winter may have affected high contributions of residential bituminous coal 

combustion soot. 

In this study, n-alkanes with high molecular weight such as C27 to C34 

were significantly correlated with inflammation. N-alkanes are usually used as 

marker for sources such as coal combustion, motor vehicle exhaust, and vegetative 

detritus and are well-known to be related to IL-8 release and ROS generation 

(Perrone et al., 2013; Chen et al., 2019). In this study, vegetative detritus which is a 

biogenic source was identified by n-alkanes. Though the average carbon preference 

index (CPI) (Tissot and Welte, 1984) of the analyzed samples was 0.8 which 

indicates the anthropogenic influence of the source. 

Many epidemiologic studies have discovered the association between PM2.5 

sources and mortality (Laden et al., 2000; Ostro et al., 2011; Heo et al., 2014). In 



51 

 

Korea, biomass burning, gasoline, and diesel emission sources were found to be 

substantially associated with cardiovascular and respiratory mortality (Heo et al., 

2014). Toxicological studies have found the cytotoxicity and adverse health effects 

of sources such as combustion and vehicle emission (Lippmann and Chen, 2009; 

Diaz et al., 2012; Künzi et al., 2015; Wang et al., 2016; Velali et al., 2018; Xu et al., 

2020). In this study, vegetative detritus and residential bituminous coal combustion 

sources were found to be highly correlated with inflammation, aging and 

macroautophagy activation. No significant correlation between vehicle emission 

sources and inflammation, aging and macroautophagy markers may be resulted from 

usage of different PM2.5 collection method such as particles generated in smog 

chamber or SRM, cell types and receptor model such as positive matrix factorization 

from EPA (Künzi et al., 2015; Xu et al., 2020; Leclercq et al., 2016). 
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5. Conclusions 

Organic extracts of PM2.5 collected in Seoul, South Korea, during HCEs 

induced inflammation, cellular aging, and macroautophagy activation in primary 

lung epithelial cells. The average mass concentrations, OC and EC had no significant 

correlations with PM2.5 effects. Both PAHs and n-alkanes were the most relevant 

components of PM2.5 for inflammation, aging and macroautophagy activation. The 

findings support the idea that the chemical constituents of PM2.5 are more important 

than the level of PM2.5 mass concentrations and even low concentration of PM2.5 may 

have adverse impacts on the public health (Feng et al., 2016; Elliott and Copes, 2011; 

Park et al., 2018). 

To our knowledge, this is the first study to assess the effects of organic 

compounds of seasonal ambient PM2.5 collected in Seoul on inflammation, cellular 

aging, and macroautophagy in primary lung epithelial cells. Though the cells were 

not cultured at the air-liquid interface which provide similar environment as human 

lungs, PM2.5 organic extracts exposure to the cells from various donors have led to 

similar results. Our results may be used as a reference for the implementation of 

PM2.5 reduction policy based on chemical constituents and sources which cause 

adverse health effects. The limitation of this study was that we did not consider other 

chemical constituents which may have affected lung epithelial cells. Therefore, 

further studies which analyze other chemical constituents of PM2.5 with larger 

number of samples for detailed source apportionment are needed. 
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ABSTRACT 

East Asian countries experience severe air pollution owing to their rapid 

development and urbanization induced by substantial economic activities. South 

Korea and China are among the most polluted East Asian countries with high mass 

concentrations of PM2.5. Even though the occurrence of transboundary air pollution 

among neighboring countries has been recognized, studies involving simultaneous 

ground-based PM2.5 monitoring and source apportionment in South Korea and China 

have not been conducted so far. This study was designed to conduct simultaneous 

daily ground-based continuous monitoring of PM2.5 in Seoul and Beijing for one year. 

The mass concentrations of PM2.5 and its major chemical components were analyzed 

simultaneously at Seoul and Beijing during 2019. The positive matrix factorization 

model was utilized for the source apportionment of ambient PM2.5 in the two sites. 

Secondary nitrate, secondary sulfate, mobile, biomass burning, incineration, soil and 

aged sea salt sources were identified as contributing factors at both sites. Additionally, 

for Seoul site, industry combined with coal combustion and oil combustion sources 

were identified while industry and coal combustion sources were identified for 

Beijing site. Ionic species accounted for more than 50% of the total mass 

concentration of PM2.5, and secondary nitrate and secondary sulfate were the most 

dominant sources in both sites. Since secondary aerosols are largely affected by 

precursors from primary emissions and meteorological conditions, the variations in 

the heating and non-heating seasons were analyzed. Potential source contribution 

function maps showed that the potential source areas of secondary nitrate and 

secondary sulfate in Seoul and Beijing were mostly from long-range transport. 

During the heating season, industrial complex areas in northern China were shown 
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as potential source areas for Beijing and coal-fired power plants near the Yangtze 

River and Henan province were identified as potential source areas for Seoul. During 

the non-heating season, coastal areas in eastern China to west part of South Korea 

were found to be potential source areas of secondary nitrate and secondary sulfate in 

both sites.  

 

 

Keywords: PM2.5, source apportionment, positive matrix factorization (PMF), 

potential source contribution function (PSCF) 
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1. Introduction 

East Asian countries experience severe air pollution because of their rapid 

development and urbanization induced by substantial economic activities. Fine 

particulate matter (PM2.5) in air is a critical pollutant because of its ability to 

penetrate the lungs through inhalation, which can cause adverse health effects such 

as local and systemic inflammation (Dockery et al., 1993; Pinkerton et al., 2000; 

Kocbach, 2008; Feng et al., 2016).  

Among all East Asian countries, South Korea and China are among the 

most polluted. Both countries are actively pursuing the reduction of PM2.5 

concentrations in air by implementing stringent air quality policies. In Korea, the 

Comprehensive Action Plan on Fine Dust was implemented in 2017, which aimed to 

reduce PM2.5 emissions by 30% by 2022 in comparison to the level in 2014 and to 

reduce the annual average PM2.5 concentration in Seoul to 17–18 µg/m3 (Lee, 2018). 

China has achieved a major goal of reducing the annual average PM2.5 concentration 

in Beijing to less than 60 µg/m3 in 2017 that was set in the Action Plan on Prevention 

and Control of Air Pollution (hereinafter Action Plan) (Zhang et al., 2016).  

In spite of these efforts toward PM2.5 reduction, China and South Korea are 

ranked second and third in East Asia, respectively, in terms of the highest annual 

average PM2.5 concentration (Air, 2019). Forty-seven cities in China are in the top 

100 polluted cities in the world. The PM2.5 level in South Korea was the highest 

among the Organisation for Economic Cooperation and Development (OECD) 

countries in 2019 (Air, 2019). Since the commencement of PM2.5 monitoring in 2015 

in South Korea, high daily average PM2.5 concentrations have been observed 
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between January and March and continuous high concentration events have occurred 

because of the stagnation of air masses caused by low wind speeds of less than 2 m/s.  

As China is among the largest countries in the world, the deterioration in 

its air quality has regional and international impacts because of the long-range 

transport of pollutants to other Asian countries that are downwind and even to North 

America (Wuebbles et al., 2007). Transboundary air pollution affects neighboring 

countries because of the conducive meteorological and geographical characteristics. 

Numerous studies are available on the characterization and source apportionment of 

PM2.5 in South Korea and China; however, studies on simultaneous ground-based 

PM2.5 monitoring and source apportionment in both South Korea and China are not 

available. To implement an effective PM2.5 reduction and control policy in South 

Korea and China, it is important to perform a comprehensive investigation in the 

major cities of both countries. 

In this study, simultaneous ground-based monitoring of PM2.5 in Seoul in 

South Korea and Beijing in China were conducted for a period of one year including 

the analysis of chemical components of the particulate matter samples. The positive 

matrix factorization (PMF) model was applied to the results for identifying sources, 

source-wise apportionment of pollutants, and the estimation of various contributing 

factors to the observed ambient PM2.5 values of both cities. In addition, the potential 

source contribution function (PSCF) was applied to the backward air trajectories of 

the two cities to delineate the potential emission source areas. 
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2. Methods 

2.1 Description of sampling sites 

Samples of PM2.5 were collected simultaneously in Seoul, South Korea and 

Beijing, China from January 2019 to December 2019. Daily samples were collected 

for 23 h at both sites. In Seoul, PM2.5 samples were collected on the rooftop of the 

Graduate School of Public Health building (37.465°N, 126.954°E) at Seoul National 

University (SNU). SNU is located in the southern part of Seoul where heavy 

transportation, mountains, and residential areas coexist. In China, the samples were 

collected from the Chinese Research Academy of Environmental Sciences 

(40.042°N, 116.413°E), which is located in the periphery of the fifth ring road, 

approximately 15 km north of the center of Beijing. 

 

2.2 Sampling procedure and chemical analyses 

Identical sets of sampling equipment consisting of a three-channel low-

volume air sampler and a high-volume air sampler (TE-HVPLUS, TISCH, USA) 

were installed at the two sites. The three-channel low-volume air sampler consisted 

of a filter pack system (URG-2000-30FG, URG, USA) and a cyclone (URG-2000-

30EH, URG, USA) and had a flow rate of 16.7 L min−1. In each channel of the low-

volume air sampler, two different Teflon filters (PTFE, MTL, UK; PTFE, Pall 

Corporation, USA) and a quartz filter (quartz microfiber filter, Pall Corporation, 

USA) were loaded to collect PM2.5. The Teflon filters were used to measure mass 

concentration using a semi-micro balance (accuracy of 0.01 mg) (CP225D, Sartorius, 

Germany). The concentrations of the trace elements were analyzed using an energy 
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dispersive X-ray fluorescence (EDXRF) spectrometer (EDXRF Spectrometer, 

Thermo Fisher, USA) at the Mokpo University. Seventeen trace elements (Mg, Al, 

Si, Ca, Ti, V, Cr, Mn, Ba, Fe, Ni, Cu, Zn, As, Se, Br, and Pb) were analyzed. Among 

the 17 trace elements, crustal elements were calculated using the following equation 

(Gu et al., 2010; Miller-Schulze et al., 2015) and others were classified as non-crustal 

elements.  

[Crustal] = 1.889[Al] + 1.400[Ca] + 1.430[Fe] + 1.658[Mg] + 1.582[Mn] + 

2.139[Si] + 1.668[Ti] 

Ionic species (SO4
2−, NO3

−, NH4
+, Na+, K+, Cl-) were analyzed using ion 

chromatography (ICS-1100, Thermo Fisher Scientific, USA). The carbonaceous 

species (OC: organic carbon and EC: elemental carbon) were analyzed using a 

carbon aerosol analyzer (Model 3, Sunset Laboratory Inc., USA). The details of the 

analytical methods were given in a previous study (Park et al., 2018). The high-

volume air samplers with a flow rate of 40 cfm were loaded with quartz microfiber 

filters (WhatmanTM, UK). The filters were prebaked for 12 h at 450 °C before use 

and were stored in the freezer at −20 °C. The PM2.5 collected using the high-volume 

air samplers were used for the analysis of carbonaceous species. 

 

2.3 Source apportionment using PMF 

Receptor models, especially multivariate factor analysis models such as 

PMF and UNMIX have been widely used in many previous studies (Heo et al., 2009, 

2017; Deng et al., 2018; Jain et al., 2020; Park et al., 2020; Khan et al., 2021). In this 

study, EPA’s PMF 5.0 was employed for the source apportionment of PM2.5 in Seoul 
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and Beijing. Inputs include mass concentrations of chemical components and 

associated uncertainties. This study used the uncertainty calculation method 

described by Heo et al. (2009).  

A total of 26 parameters, namely PM2.5, OC, EC, Na+, NO3
−, SO4

2−, NH4
+, 

K+, Cl-, Mg, Al, Si, Ca, Ti, V, Cr, Mn, Ba, Fe, Ni, Cu, Zn, As, Se, Br, and Pb, were 

analyzed for the samples from the Seoul and Beijing sites. Species with low signal 

to noise ratio were selected as ‘weak’ or excluded for both sites (Paatero and Hopke, 

2003). The PM2.5 concentration was selected as a total variable and 12% of additional 

modeling uncertainty was included to avoid unconsidered errors. The PMF model 

was run multiple times to find the optimal number of factors that can explain the 

distribution of parameters at the two receptor sites. The PMF model identified nine 

factors for both sites. In addition, bootstrap, displacement, and bootstrap–

displacement analyses were performed for error estimation.  

 

2.4 Conditional probability function (CPF) 

To better understand the location of the sources using wind direction and 

wind speed, the conditional probability function (CPF) were obtained using the R 

Openair Package (Carslaw and Ropkins, 2012). Wind speed and wind direction data 

were obtained from the Korea Meteorological Administration’s website 

(http://www.kma.go.kr). Hourly data from the automated synoptic observing system 

(37.44°N, 126.96°E), which is located 2.3 km from the Seoul sampling site, were 

used. For Beijing, hourly archived meteorological data from Beijing International 

http://www.kma.go.kr/
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Airport (40.08°N, 116.58°E) which is located at 15.2 km northeast of the sampling 

site was used.  

 

2.5 Backward trajectory and potential source contribution function 

(PSCF) 

The PSCF is an effective tool that is widely used to locate possible source 

areas (Begum et al., 2010; Heo et al., 2013; Zong et al., 2018). We combined the 

generated backward trajectories at each site with daily contribution data from the 

sources indicated by the PMF results. 

Backward trajectories for the two sites were derived by the hybrid single-particle 

Lagrangian integrated trajectory 4 (HYSPLIT 4) model of the National Oceanic and 

Atmospheric Administration, USA. Meteorological data with a resolution of 1° from 

the Global Data Assimilation System (GDAS) were used to calculate the 72 h 

backward trajectory endpoint dataset for every hour at half of the mixing height at 

each site. GDAS 1° was selected because of its better performance in retrieving 

contributions from various directions (Su et al., 2015).  

If the air parcel arriving at the ijth cell has a high PSCF value, this indicates 

that it is a potential source location. The equation is PSCFij = mij/nij. The total 

number of end points that pass the ijth cell is nij. The number of end points that pass 

the ijth cell when the source concentrations are higher than a criterion value is mij. 

In this study, the criterion value was the 75th percentile of each source contribution 

concentration. To avoid high uncertainties, the weight function was applied to 
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calculate the PSCF value, and the equation described by Heo et al. (2013) was used. 

The joint-PSCF (j-PSCF), which can identify the significantly influencing potential 

areas at both the Seoul and Beijing sites, was used.  
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3. Results and Discussion 

3.1 Seasonal variations of chemical constituents of PM2.5 

A summary of the annual and seasonal variations of PM2.5 and its chemical 

constituents during 2019 at the two sites are presented in Table 3-1. PM2.5 samples 

were collected for a total of 313 days in Seoul and 227 days in Beijing during 2019. 

Flow rate, PM2.5 mass closures, and ion balance were considered for elimination and 

for arriving at the final number of samples. Temporal variations of chemical 

constituents of PM2.5 in Seoul and Beijing are shown in Figure 3-1.  
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Table 3-1 Summary of PM2.5 and chemical constituents in Seoul and Beijing 

    Seoul   Beijing 

Chemical  
species 

Unit 
Total (N=313) Spring (N=82) Summer (N=77) Autumn (N=71) Winter (N=83)   Total (N=227) Spring (N=63) Summer (N=84) Autumn (N=60) Winter (N=20) 

Avg. Stdev. Avg. Stdev. Avg. Stdev. Avg. Stdev. Avg. Stdev.   Avg. Stdev. Avg. Stdev. Avg. Stdev. Avg. Stdev. Avg. Stdev. 

PM
2.5

 µg/m
3
 27.1 19 32.6 24 19.4 10.9 18.7 10.6 36.1 19.3  40.9 29.3 47 36.9 31.1 15.6 47.5 30.9 43.6 32.9 

OC µg/m
3
 4.6 2.2 5.6 2.6 3.2 1.2 4 1.7 5.5 2.2  7.1 3.6 9.1 4.3 5.3 1.8 7.3 3 8.4 4.5 

EC µg/m
3
 0.5 0.3 0.6 0.2 0.4 0.1 0.5 0.2 0.6 0.4  0.7 0.3 0.8 0.4 0.5 0.2 0.8 0.3 0.6 0.3 

NO
3

-
 µg/m

3
 6.4 7.4 7.9 8.8 2.5 3.5 4.2 3.8 10.6 8.2  11.2 13.3 15.3 17.5 6.9 7.2 12.6 13.3 13.1 14.3 

SO
4

2-
 µg/m

3
 4.4 3.3 4.6 3.7 5.3 3.2 3 2.2 4.5 3.6  5.8 4.4 6.3 5.7 6 3.7 5.3 3.8 5.1 4.4 

NH
4

+
 µg/m

3
 3.2 3.1 3.8 4 2.5 2.1 1.8 1.4 4.3 3.4  4.4 4.3 5.4 5.8 3.6 2.8 4.4 4.1 4.7 4.7 

K
+
 µg/m

3
 0.6 1.6 0.5 0.2 0.6 0.1 0.4 0.1 0.8 2.5  0.4 0.2 0.2 0.2 0.4 0.2 0.6 0.2 0.5 0.2 

ΣTrace metals µg/m
3
 1.4 1.2 1.7 1.3 0.5 0.3 1.1 0.8 2.3 1.4  4 3.3 4.7 2.7 2.1 1 5.6 4.7 4.8 2.3 

Mg ng/m
3
 - - - - - - - - - -  213.6 150.3 246.1 134.4 142.5 66.1 279.1 211.7 213.8 107.5 

Al ng/m
3
 236.5 285.9 238.3 280.4 62.3 53.7 173.5 166.8 299.7 337.3  435.2 517.6 558.5 458.3 212.6 163.4 627.9 764.9 294.9 200.4 

Si ng/m
3
 479.6 519.2 603.2 589.4 167.2 117.2 426.9 367.1 664.6 629.2  1126.2 1091.5 1396.2 986.5 643.2 371.2 1599.5 1613.9 871.6 454.7 

Cl ng/m
3
 308.2 351.6 299.1 336.3 23.5 18.6 167.1 168.8 676.1 314.2  598.3 934.3 696.5 789.4 85.2 83.8 847 1174.9 1756.1 1150.6 

Ca ng/m
3
 160.9 150.7 200.5 130.5 78.6 36.2 134.8 96.5 220.2 218.9  716.9 495.6 870.4 448.5 449.9 211.7 940.7 669.9 682.5 340.9 

Ti ng/m
3
 17.8 12.8 21.1 15.2 10.9 5.3 15.7 8.8 21.8 14.4  33 26 38.7 24.4 21.7 10.6 44.8 37.2 26.9 12.1 

V ng/m
3
 1.3 1.1 1.9 1.2 1.8 1 0.6 0.4 1 0.9  0.7 0.5 0.7 0.4 0.6 0.4 0.9 0.7 0.5 0.3 

Cr ng/m
3
 2.1 1.1 2.2 1.2 1.6 0.7 1.9 1.1 2.4 1.1  2.8 1.6 2.9 1.5 2.1 0.9 3.8 1.9 3.1 1.6 

Mn ng/m
3
 15 9.2 18 10.4 9.3 5 12.7 7.1 19.2 9.3  34.5 22.6 32.9 16.1 23.7 9.5 50.9 32 36.1 15.9 

Fe ng/m
3
 284.9 178.6 341.5 205 182.4 86.2 252.2 134.6 351.7 197.6  712.2 438.6 734.2 371.4 490.2 183.9 1005.7 589.8 693.4 338.5 

Ni ng/m
3
 2.1 1.4 2.9 1.7 2.3 1.3 1.2 0.8 1.8 1.1  1.2 0.8 1.1 0.7 1.3 0.8 1.1 0.7 1.1 0.5 

Cu ng/m
3
 2.8 1.7 3 1.8 2.4 1.6 2.5 1.4 3.2 2  3.6 3.9 3.8 3 2.3 0.9 4.9 6.4 4.6 2.6 

Zn ng/m
3
 56 35.8 62.4 35.4 42.1 28.2 55.3 38.3 63.3 36.9  97.6 76.2 100.3 88.2 74.3 44.2 114.7 89.7 137.4 71.8 

As ng/m
3
 5.4 3.6 4.1 2.4 4.4 3.7 6.7 4.5 6.1 3.1  3.6 2.4 3.3 2.5 2.8 1.8 4.7 2.9 3.9 2 

Br ng/m
3
 7.8 5.1 9.9 5.4 4.7 2.1 5.9 3.5 10.1 5.7  8.4 7.4 9.9 7.5 5.2 3.6 10 9.5 13 7.2 

Pb ng/m
3
 22.5 14.5 19 11.8 14.9 8.3 23.5 15.8 31.1 15.3   23.3 17.7 23.9 18.6 15.4 9.4 28.6 20 39.2 19.6 
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Figure 3-1 Temporal variations of chemical components of PM2.5 in Seoul and 

Beijing 
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3.1.1 Seoul 

The annual average mass concentration of PM2.5 in 2019 was 27.1 ± 19.0 

µg/m3 in Seoul. In Seoul, the average mass concentration of PM2.5 was the highest in 

winter (36.1 ± 19.3 µg/m3) followed by spring (32.6 ± 24.0 µg/m3), summer (19.4 ± 

10.9 µg/m3), and autumn (18.7 ± 10.6 µg/m3). Annual and seasonal average mass 

concentrations of PM2.5 did not exceed the ambient air quality standard for PM2.5 in 

South Korea (24 h: 35 µg/m3 or less), but high concentration episodes (HCEs) 

occurred on 70 days (approximately 20%). Most of the HCEs occurred in winter and 

spring. The most abundant chemical components were ionic species. The average 

mass concentrations of NO3
−, SO4

2−, and NH4
+ were 6.4 ± 7.4 µg/m3, 4.4 ± 3.3 µg/m3, 

and 3.2 ± 3.1 µg/m3, respectively, and they accounted for 23.7%, 16.3%, and 11.6% 

of the mass concentration of PM2.5, respectively, which is 51.6% of the total. 

Although the mass concentration of PM2.5 varied seasonally, the proportion of the 

ionic species in the PM2.5 did not vary. SO4
2−

, which is formed at high temperatures, 

showed a high average concentration in summer. On the other hand, the NO3
− 

concentration was four times higher in winter (10.6 ± 8.2 µg/m3) than in summer 

(2.5 ± 3.5 µg/m3) because it is likely to be formed at low temperatures. The average 

concentrations of OC and EC were 4.6 ± 2.2 µg/m3 and 0.5 ± 0.3 µg/m3, respectively. 

Carbonaceous species (OC: 17.0% and EC: 1.9%) accounted for 18.9% of the total 

mass concentration of PM2.5. The average concentration of the carbonaceous species 

was the highest in spring followed by winter, autumn, and summer. The average 

concentrations of OC and EC in 2019 have dramatically decreased compared to those 

during 2013–2015, at 6.3 and 1.1 µg/m3, respectively (Park et al., 2018). The average 

annual concentration of crustal elements was 1.9 ± 2.0 µg/m3, which is 
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approximately 7.0% of the total mass concentration of PM2.5. The average 

concentration of non-crustal elements was 0.4 ± 0.4 µg/m3, contributing 1.5% of the 

total mass concentration of PM2.5. The concentrations of crustal and non-crustal 

elements were higher in winter (2.7 and 0.8 µg/m3) and spring (2.5 and 0.4 µg/m3) 

compared to those in autumn (1.6 and 0.3 µg/m3) and summer (0.7 and 0.1 µg/m3).  

 

3.1.2 Beijing 

In Beijing, the annual mass concentration of PM2.5 ranged from 5.1 to 165.1 

µg/m3 and the average mass concentration of PM2.5 was 40.9 ± 29.3 µg/m3 (Table 3-

1). The average mass concentrations of PM2.5 were the highest in autumn (47.5 ± 

30.9 µg/m3), followed by spring (47.0 ± 36.9 µg/m3), winter (43.6 ± 32.9 µg/m3), 

and summer (31.1 ± 15.6 µg/m3). Annual and seasonal average mass concentrations 

of PM2.5 were less than China’s National Ambient Air Quality Standards (NAAQS) 

specified daily-PM2.5 concentration of 75 µg/m3. During the sampling period, HCEs 

occurred on 25 days (11%) during winter and spring. The low occurrence of HCEs 

was probably due to the relatively smaller number of samples collected during winter 

(N = 20) compared to that in other seasons (spring: N = 63, summer: N = 84, and 

autumn: N = 60).  

The average annual concentrations of NO3
−, SO4

2−, and NH4
+ were 11.2 ± 

13.3 µg/m3, 5.8 ± 4.4 µg/m3, and 4.4 ± 4.3 µg/m3, respectively, and these major ionic 

species accounted for 52.4% of the total mass concentration of PM2.5. The average 

concentrations of NO3
− and SO4

2− were the highest in spring. While the emission of 
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SO2 has reduced, the steady increase in the emission of NH3 has led to an increase 

in NO3
− (Geng et al., 2019). 

Because of the implementation of the Action Plan from 2013 to 2017, SO4
2− 

displays a substantial reduction; however, NO3
− has the least reduction. In 2017, the 

contribution of SO4
2− and NO3

− in PM2.5 was 14% and 28%, respectively (Geng et 

al., 2019). These results are similar to the results of our study, which suggest that 

efforts to reduce PM2.5 have continued even after the Action Plan ended.  

The annual average concentrations of OC and EC were 7.13 and 0.66 µg/m3, 

respectively. The average concentration of OC was the highest in spring, followed 

by winter, autumn, and summer. The average concentration of OC in spring was 1.7 

times higher than that in summer. The major sources of OC are biomass burning, 

coal combustion, and mobile sources, (Zheng et al., 2005) and it is likely that the 

contribution of these sources has decreased, resulting in seasonal variations. The 

average concentration of EC was the highest in autumn, followed by spring, winter, 

and summer. Local emissions, heating in autumn, and westerly winds might have led 

to the high average concentration of EC in autumn and other cold seasons (Feng et 

al., 2009). 

The concentrations of trace elements account for 15.3% of the total mass 

concentration of PM2.5. The annual average concentration of crustal elements was 

5.3 ± 4.6 µg/m3, which is about 5 times higher than that of non-crustal elements (1.0 

± 1.1 µg/m3). The concentration of crustal elements was high in autumn and spring, 

whereas the concentration of non-crustal elements was high in winter and autumn. 

Strong winds from desert regions cause dust storms that transport a substantial 
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quantity of crustal elements, and thus, high concentrations in spring (Wang et al., 

2007; Guan et al., 2018). The high concentration of crustal elements in autumn may 

be due to the high average mass concentration of PM2.5 and the frequent occurrence 

of HCEs.  

 

3.2 Source apportionment 

In this study, 294 and 226 samples measured in Seoul and Beijing, 

respectively, were used for source apportionment. A total of 26 species were used as 

input data for Seoul and Beijing sites. Nine factors contributed to PM2.5 in both cities 

and sources which were identified in both sites were secondary nitrate, secondary 

sulfate, mobile, biomass burning, incineration, soil and aged sea salt. For Seoul site, 

industry combined with coal combustion and oil combustion sources were identified 

while industry and coal combustion sources were identified for Beijing site. The 

source profiles of two sites are presented in Figure 3-2 and Figure 3-4, daily source 

contributions for the nine sources are displayed in Figure 3-3 and Figure 3-5 and a 

summary of the source contributions is presented in Table 3-2. The CPF plots for the 

biomass burning, oil combustion, mobile, incineration, industry and coal combustion 

sources for Seoul and Beijing were presented in Figure 3-6 and Figure 3-8, 

respectively, and were used as supporting evidence for evaluating regional and local 

transport. In addition, the CPF plots for heating and non-heating season were 

displayed in Figure 3-7 and Figure 3-9. Heating season represents Beijing’s official 

central heating period which is from November 15th to March 15th. Results of the j-

PSCF model using the upper 25% of two most contributing sources, secondary 
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nitrate and secondary sulfate are presented in Figure 3-10. The j-PSCF model 

enabled us to identify the significantly influential potential areas for both Seoul and 

Beijing sites. Moreover, PSCF maps for nine sources for each site are displayed in 

Figure 3-11 to Figure 3-16. 

The first factor, secondary nitrate, was characterized by high loadings of 

NO3
− and NH4

+ and a medium loading of OC (Viana et al., 2008; Waked et al., 2014; 

Khan et al., 2021). The average contributions of secondary nitrate were 27.2% and 

25.7% for Seoul and Beijing, respectively. The contributions were highest in winter 

(12 µg/m3, 34.7%) and spring (16 µg/m3, 31.7%), at Seoul and Beijing, respectively. 

While the lowest contributions were in summer (Seoul: 2.1 µg/m3, 11.4%; Beijing: 

6.5 µg/m3, 21.3%) for both sites. The formation of secondary nitrate is favored under 

a low temperature and high relative humidity by the oxidation of NOx (Seinfeld and 

Pandis, 1998; Wang et al., 2006), which explains the seasonal pattern of this factor. 

Secondary nitrate is usually affected by several sources including traffic, coal 

combustion, and industrial sources, which form the nitrate precursor NOx, resulting 

in the highest contribution among the nine factors. The j-PSCF map for secondary 

nitrate shows two clusters of potential source locations, namely, the Hebei, Shandong, 

and Henan provinces and the Shanghai and Jiangsu provinces. Copious emissions 

from the iron and steel industry and indirect emissions from upwind industries have 

significantly increased the NOx emissions from Hebei province (Yang et al., 2019). 

In addition, Shandong and Henan provinces, which are adjacent to each other, are 

also known as high-NOx producing areas (Wang et al., 2018). The Shanghai and 

Jiangsu provinces have high vehicle populations and many coal-fired power plants 

(Zhang et al., 2017).  
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Secondary sulfate source account for 19.5% and 22.9% of the total PM2.5 

mass concentration at Seoul and Beijing, respectively. High loadings of SO4
2− and 

NH4
+ and medium loadings of OC and Fe characterize this factor. The highest 

contributions were in the summer for both sites (Seoul: 35.8% and Beijing: 37.6%), 

which is due to the active formation of SO4
2− through photochemical reactions under 

high temperature (Seinfeld and Pandis, 1998; Huang et al., 2016; Wang et al., 2016). 

The j-PSCF map for secondary sulfate is similar to the one for secondary nitrate, but 

includes additional areas encompassing the coastal area from Shanghai, China to the 

western part of South Korea. Coal-fired power plants are densely located in the 

western part of South Korea including Shin Seocheon, Dangjin, Taean, and 

Boryeong. As mentioned earlier, coal-fired power plants are densely populated in the 

Shanghai and Jiangsu provinces, where the Yangtze River is located (Zíková et al., 

2016). 

Mobile sources are characterized by high loadings of OC, EC, NO3
−, and 

NH4
+ and medium loadings of Al, Si, Ca, Ti, Fe, Zn, Mn, and Ba. Mobile source 

emissions comprise of exhaust and non-exhaust emission markers. As OC is from 

primary emission sources and EC is emitted mainly from diesel exhaust, they are 

major markers of exhaust emissions (El Haddad et al., 2009; Heo et al., 2009; Zhang 

et al., 2013). Non-exhaust emission markers are Al, Fe, Ca, and Ti, which are from 

resuspended particles (Harrison et al., 2012; Taghvaee et al., 2018). Al, Fe, Ba, and 

Zn are produced by the wearing of brake lining (Lough et al., 2005; Gupta et al., 

2007; Jain et al., 2017). Ca and Ti originate from road dust. The contributions of 

mobile sources in Beijing (4.9 µg/m3, 11.9%) were twice as high as in Seoul (2.4 

µg/m3, 9.57%) and no significant seasonal variations were observed at both sites. 
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Since mobile source are mostly affected by regional transport rather than long-range 

transport, CPF results were found to be more suitable in understanding potential 

source areas. Figure 3-6 shows that the high contributions of mobile source are from 

north part of Seoul site where eight-lane highways Olympic-daero and 

Gangbyeonbuk-ro are located as well as south part of Seoul site where multiple 

expressways are located. The high contributions of mobile source are from Beijing 

site (Figure 3-8) with low wind speed which implies that stagnation of air masses in 

5th and 6th expressway ring road in Beijing are affecting contributions of mobile 

source.  

Industrial sources accounted for 5.71% and 10.6% in Seoul and Beijing, 

respectively. While industrial source in Seoul were identified with high loadings of 

Zn, Mn, Fe, Pb, As, and Cr, that in Beijing had high loadings of Si, Ca, and Fe and a 

moderate loading of Ni and V. Thus, industrial source in Seoul site had characteristics 

of industry mixed with coal combustion and that in Beijing site had characteristics 

of industry mixed with oil combustion. Trace elements such as Fe, Mn, Pb, and Cr 

are emitted from the metallurgical industry. Heavy metals such as Fe, Mn, Cu, Pb, 

and Zn are tracers of the iron and steel industry (Wu et al., 2007; Owoade et al., 2015; 

Sylvestre et al., 2017; Liu et al., 2018; Zhu et al., 2018). In addition, Si, Ca, and Fe 

are usually emitted from cement manufacture (Lv et al., 2006; Han et al., 2015). The 

Sihwa and Banwol industrial complexes with industries such as machinery 

production, electricity generation, petroleum processing, and chemical and steel 

manufacturing are located near Seoul (Baek et al., 2019). The Sihwa and Banwol 

industrial complexes emit high quantities of Zn, Pb, and Cu (Kang et al., 2018). 

China’s largest iron and steel industries are located in the Beijing–Tianjin–Hebei 
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region, which contributes large quantities of anthropogenic air pollutants (Yang et 

al., 2018). Also, multiple cement manufactures are located within Beijing. PSCF 

results (Figure 3-15 and Figure 3-16) clearly show that Seoul is affected by the Sihwa 

and Banwol industrial complexes and Beijing is affected by overall Beijing-Tianjin-

Hebei region.  

Biomass burning accounted for 11.1% and 7.68% in Seoul (2.8 µg/m3) and 

Beijing (3.2 µg/m3), respectively. Biomass burning is characterized by high loadings 

of K+, with medium loadings of OC and EC (Duan et al., 2004; Song et al., 2006; 

Zhang et al., 2013). Biomass burning includes burning of wood and agricultural 

residue. In East Asia, burning of agricultural residue after barley and wheat harvests 

occurs from spring to summer, whereas burning after the rice harvest occurs in 

autumn (Jung et al., 2014). At both sites, the seasonal contribution of biomass 

burning was the highest in winter (Seoul: 4.1 µg/m3, 11.5%; Beijing: 5.4 µg/m3, 

11.2%) and spring (Seoul: 3.6 µg/m3, 11.5%; Beijing: 5.1 µg/m3, 10.2%), owing to 

agricultural residue burning. The sampling sites in Seoul and Beijing are in urban 

areas, therefore this factor may be caused by the regional transport of air pollutants 

from nearby cities. These results are supported by the CPF and PSCF results. For 

Seoul, the CPF results show that the prevailing winds from the north and west of 

Seoul with 2~8 m/s wind speed showed high contributions. For Beijing, the CPF 

results show that the winds from south of Beijing with 5~10 m/s wind speed showed 

high contributions. PSCF results of biomass burning for both sites shows that the 

potential source areas are located in Henan, Hubei, Anhui and Shandong provinces 

which are agricultural provinces that burn large amounts of crop residue during the 
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harvest season (Yin et al., 2019). Similar PSCF results were obtained by other studies 

(Zíková et al., 2016). 

Incinerator source is characterized by high loadings of Cl−, NO3
−, NH4

+, 

and OC and a moderate loading of Br, and Pb. Emission of Cl- is largely from burning 

of plastic made of polyvinylchloride (Yang et al., 2016). Incinerator source 

accounted for 8.35% and 7.43% in Seoul and Beijing, respectively. Distinctively 

high contributions in winter and low in summer were found in both sites this is due 

to photochemical reaction of Cl- that enhance gas-phase HCl in summer (Luo et al., 

2019). CPF results indicate that incinerator sources are from regional transport where 

municipal solid waste incinerators are located (Figure 3-6 and Figure 3-8). 

The soil source includes soil particles from long-range transport and 

resuspended road dust from local sources. The soil source consists of crustal 

elements with high loadings of Al, Si, Ca, and Ti and medium loadings of Fe and 

Mn. Many studies have used these elements as tracers for the soil source (Heo et al., 

2009; Begum et al., 2010; Zong et al., 2016; Jain et al., 2020). The annual 

contributions of soil to PM2.5 were 5.12% and 7.45% in Seoul and Beijing, 

respectively. A high contribution of soil in spring (Seoul: 6.73% and Beijing: 7.45%) 

is commonly mentioned in other studies because of the occurrence of the Asian dust 

storms during this period. During Asian dust storms, the air masses move from Inner 

Mongolia through North China to the East China Sea (Zhang et al., 2003; Tan et al., 

2017), affecting Beijing as well as Seoul. In Beijing, the contribution of soil peaked 

to 12.1% in autumn, which is even higher than that in spring, due to the dust from 

the Gobi Desert in eastern China (Kurosaki and Mikami, 2005). The contribution of 
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soil is observed in spring and autumn but not in summer because of the high relative 

humidity of soil and lack of extratropical cyclones (Tanaka and Chiba, 2006; Liu et 

al., 2014). The PSCF results for both sites show that the regions from northern China 

to Mongolia are potential source areas (Figure 3-12 and Figure 3-14).  

Oil combustion is characterized by high loadings of Ni and V (Wu et al., 

2007; Viana et al., 2009). Ni and V are typical primary emission tracers indicating 

that industrial oil combustion and residual oil derived from marine vessels are major 

sources of this factor (Guo et al., 2009; Kong et al., 2010; Pey et al., 2013). The 

annual contribution of oil combustion to PM2.5 was 11.9% in Seoul and oil 

combustion source was not identified in Beijing. The PSCF results (Figure 3-12 and 

Figure 3-15) indicate that the coastal area from Shanghai, China to the western 

region of South Korea including the Yellow Sea as the potential source areas. The 

Incheon port, which is the second largest port in South Korea, is located 30 km 

southwest of the Seoul sampling site, and the Sihwa and Banwol industrial 

complexes may have caused the high contribution of the oil combustion source in 

Seoul. Shanghai Port in China, which was the world’s largest port for eight years 

since 2010, contributes high emissions from ships (Mamoudou et al., 2018). The 

CPF result also shows that the high contributions of oil combustion are from 

southwest of Seoul.  

Coal combustion is characterized by high loadings of As and Pb and 

accounted for 4.64% in Beijing. As and Pb are released during coal combustion (Tian 

et al., 2009; Sia et al., 2012; Cui et al., 2019; Ji et al., 2019; Dai et al., 2020). Coal 

combustion source was only identified in Beijing site. The highest contribution of 
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coal combustion was in autumn (2.5 µg/m3, 5.77%). Northern China uses central 

heating systems that largely depend on coal burning from November to March (Shen 

and Liu, 2016). Beijing shut down its last coal-fired power plant in March 2017 to 

use cleaner energy (Wong et al., 2019). Therefore, large contributions of coal 

combustion to PM2.5 in Beijing may be from neighboring regions. PSCF results show 

that regional potential source areas of coal combustion in Beijing are coal-fired 

power plants near the Yangtze River (Figure 3-14).  

Aged sea salt source accounted for 1.51% and 1.72% in Seoul and Beijing, 

respectively. Distinctively high loadings of Na+, SO4
2-, NO3

− and OC characterized 

aged sea salt (Dai et al., 2013). Lack of Cl- due to long retention time of particles in 

the air indicate this source as aged sea salt rather than fresh sea salt. As displayed in 

Figure 3-12 and Figure 3-14, PSCF results show that potential source areas for aged 

sea salt are East China Sea.  
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Figure 3-2 Source profiles of PM2.5 in Seoul from January to December 2019 
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Figure 3-3 Daily PMF source contribution plot in Seoul from January to December 

2019 
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Figure 3-4 Source profiles of PM2.5 in Beijing from January to December 2019 
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Figure 3-5 Daily PMF source contribution plot in Beijing from January to December 

2019 
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Table 3-2 Summary of the source factors contributing to PM2.5 based on PMF results for Seoul and Beijing 
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Figure 3-6 CPF results for biomass burning, oil combustion, mobile, incineration and industry/coal combustion sources in Seoul 
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Figure 3-7 CPF results for heating and non-heating season in Seoul 
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Figure 3-8 CPF results for biomass burning, coal combustion, mobile, incineration and industry sources in Beijing 
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Figure 3-9 CPF results for heating and non-heating season in Beijing 
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Figure 3-10 Joint-PSCF maps of potential source locations for secondary nitrate and secondary sulfate sources measured in Seoul and Beijing 

(upper 25%) 
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Figure 3-11 PSCF maps of potential source locations for secondary nitrate, secondary sulfate, mobile, industry/coal combustion, biomass burning, 

and incineration in Seoul (upper 25%) 
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Figure 3-12 PSCF maps of potential source locations for soil, oil combustion, and aged sea salt in Seoul (upper 25%) 
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Figure 3-13 PSCF maps of potential source locations for secondary nitrate, secondary sulfate, mobile, industry, biomass burning, and incineration 

in Beijing (upper 25%)  
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Figure 3-14 PSCF maps of potential source locations for soil, coal combustion and industry sources in Beijing (upper 25%) 
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Figure 3-15 PSCF maps of potential source locations for industry/coal combustion and oil combustion sources in Seoul (upper 25%) 
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Figure 3-16 PSCF maps of potential source locations for industry and coal combustion sources in Beijing (upper 25%) 
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3.3 Potential source contribution function results for heating and non-

heating seasons 

Secondary nitrate and secondary sulfate were the highest contributing 

sources to PM2.5 at both the Seoul and Beijing sites. Secondary inorganic aerosols 

are largely dependent on precursors from primary emissions and meteorological 

factors (Ma et al., 2017). Secondary nitrate forms from the NOx emitted from mobile 

sources and coal-fired power plants and secondary sulfate forms by the 

photochemical reactions of SO2 emitted mainly from coal combustion. As secondary 

inorganic aerosols are affected by coal combustion sources, we analyzed the PSCF 

for the heating and non-heating seasons (Figure 3-17 and Figure 3-18). Heating 

(November 15th to March 15th) and non-heating seasons (March 16th to November 

14th) were classified based on the official central heating period implemented in 

Beijing, China.  

During the heating season, secondary nitrate and secondary sulfate in Seoul 

and Beijing seem to be affected by district heating as well as coal-fired power plants 

in China. Although source areas are mainly located in China, the PSCF map shows 

that Seoul is also affected by coal-fired power plants located in west part of South 

Korea. As mentioned earlier, secondary nitrate is likely to form at low temperatures, 

whereas secondary sulfate is likely to form at high temperatures. In the heating 

season, the average contributions of secondary nitrate (Seoul: 13 µg/m3 and Beijing: 

14 µg/m3) are significantly higher than those of secondary sulfate (Seoul: 5.4 µg/m3 

and Beijing: 7.0 µg/m3). During the non-heating season in Seoul, the average 

contribution of secondary sulfate (4.5 µg/m3) is higher than that of secondary nitrate 
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(3.4 µg/m3) as expected. On the other hand, Beijing shows similar average 

contributions of secondary nitrate (9.6 µg/m3) and secondary sulfate (9.8 µg/m3) 

during non-heating season. Continuous efforts to reduce SO2 reduction through the 

implementation of the Action Plan in China have significantly decreased the 

contribution of secondary sulfate. The Action Plan in China focused on strengthening 

industrial emission standards, upgrading industrial boilers, phasing out outdated 

industrial facilities, promoting clean fuels in residential regions, phasing out small 

and polluting factories, and strengthening vehicle emission standards (Zhang et al., 

2019). Most of the policies focused on reducing SO2, and therefore, additional 

policies to reduce NOx and NH3 should be implemented.  
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Figure 3-17 Potential source areas of secondary nitrate and secondary sulfate in Beijing and Seoul during the heating season (upper 25%) 
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Figure 3-18 Potential source areas of secondary nitrate and secondary sulfate in Beijing and Seoul during non-heating season (upper 25%) 
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4. Conclusions 

Daily ground-based monitoring of PM2.5 and its chemical constituents was 

conducted simultaneously in the megacities of Seoul and Beijing from January to 

December 2019. The average annual PM2.5 concentrations were 27.1 and 40.9 µg/m3 

in Seoul and Beijing, respectively. In both cities, ionic species including SO4
2-, NO3

-, 

and NH4
+ were majority of PM2.5 accounted for more than 50% of the total mass 

concentration of PM2.5. While the concentrations of SO4
2− and NH4

+ were similar at 

the two sites, the concentration of NO3
− was significantly higher in Beijing than that 

in Seoul. The high concentration of NO3
− may be due to the steady emission of NH3. 

PMF was employed for the source apportionment of the chemical components, and 

nine optimal sources were identified for both sites. In Seoul, secondary nitrate 

(27.2%) had the highest contribution to PM2.5, followed by secondary sulfate 

(19.5%), oil combustion (11.9%), biomass burning (11.1%), mobile sources (9.57%), 

incineration (8.35%), industry/coal combustion (5.72%), soil (5.12%), and aged sea 

salt (1.51%). In Beijing, the highest contributing source was secondary nitrate 

(25.7%) followed by secondary sulfate (22.9%), mobile sources (11.9%), industrial 

sources (10.6%), biomass burning (7.68%), soil (7.45%), incineration (7.43%), coal 

combustion (4.64%), and aged sea salt (1.72%). High contributions of secondary 

inorganic aerosols align with high concentrations of ionic species. Coal combustion 

and secondary inorganic sources are largely affected by coal-fired power plants and 

individual household stoves, and thus their contributions were higher in the heating 

season. The PSCF results show that Seoul and Beijing were significantly affected by 

long-range transport of air pollutants since these cities do not have coal combustion 

power plants or iron and steel industries. South Korea and China have implemented 
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policies to reduce air pollutant emissions and improve air quality. Even though the 

average PM2.5 concentration has steadily decreased in both countries, additional 

policies must be implemented to reduce the occurrence of HCEs in the heating 

season because of the stagnation of air masses due to climate change. The findings 

of this study may help in setting priorities in the implementation of an appropriate 

PM2.5 reduction policy. 
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ABSTRACT 

This study focused on investigating the characteristics of organic 

compounds and sources of the PM2.5 organic extracts collected in Seoul, South Korea 

and Beijing, China and evaluated the production of PM2.5 organic extract induced 

IL-8 on human lung epithelial cells. The expression levels of IL-8 in Beijing were 

significantly higher than that of Seoul and organic compounds within PM2.5 were 

found to be more important in inducing neutrophilic inflammation than PM2.5 mass 

concentrations itself. For Seoul, PAHs and biomass burning source showed strong 

correlations with IL-8 expression levels. However, organic compounds such as 

aliphatic diacaids, alkylcyclohexanes and alkanoic acids showed positive 

correlations with expression levels of IL-8 at Beijing. Moreover, SOC-1 (biogenic 

SOC) and SOC-2 (anthropogenic SOC) showed strong correlations with IL-8 

expression levels. The results indicated that organic compounds and sources which 

play important role in inflammation at Seoul and Beijing are different.  

 

 

Keywords: PM2.5, organic compounds, lung epithelial cells, IL-8, inflammation 
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1. Introduction 

 East Asian countries has been suffering from frequent occurrence of severe 

air pollution. With significant adverse impacts on human health such as pulmonary 

and cardiovascular diseases (Pope and Dockery, 2006; Polichetti et al., 2009; Lee et 

al., 2014; Lu et al., 2015), PM2.5 is one of the major air pollutants that has been 

regulated worldwide. Unlike PM10, PM2.5 can penetrate into the end of the respiratory 

tract without filtration (Pinkerton et al., 2000) and cause local inflammation which 

may even lead to systemic inflammation (Kocbach, 2008; Xing et al., 2016). Among 

PM2.5 constituents, carbonaceous components which takes up about 20 to 40% of 

PM2.5 are one of the major components which is highly toxic to humans (Ramdahl, 

1983; He et al., 2001; Kanakidou et al., 2005; Putaud et al., 2010). Though only take 

small part of carbonaceous components, organic compounds such as polycyclic 

aromatic hydrocarbons (PAHs), n-alkanes were found to be carcinogenic substances 

(Mastrangelo et al., 1996; Baird et al., 2005; Taghvaee et al., 2018).  

Active emissions from anthropogenic sources in addition to meteorological 

conditions increase PM2.5 concentrations (Sun et al., 2006; Ji et al., 2014). OC can 

be formed from primary emitting sources as well as gas to particle conversion 

processes. Biomass burning, coal combustion, gasoline and diesel exhaust from 

vehicles, cooking, and vegetative detritus were found to be major sources of organic 

aerosols in previous studies (Jaeckels et al., 2007; Zhang et al., 2009; Arhami et al., 

2018). As South Korea is located in downwind of China, faith of high PM2.5 

concentration events are unavoidable (Kim et al., 2009; Park et al., 2016). However, 

PM2.5 is a mixture of complex chemicals elucidated from various sources under 
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different meteorological conditions, thus fraction of its constituents varies greatly 

depending on the location. Seoul and Beijing are urbanized megacities with high 

population density. As capital cities, regional and long range transported air 

pollutants from various sources will affect large group of population in these sites. 

Thus, it is important to perform a comprehensive study on the characteristics of 

organic compounds and contributing sources in both two sites and their effects on 

human lung epithelial cells.  

Prior study (chapter 2) found that PM2.5 organic extracts collected from 

Seoul induced high expression levels of active extracellular signal-regulated kinase 

(ERK) and interleukin-8 (IL-8). The small number of samples and source 

apportionment based only on non-polar compounds have inhibited to identify 

secondary sources and to find the statistical significance. In order to overcome the 

limitations, this chapter increased the number of samples collected in 2019 and 

analysis on polar compounds were added to perform detailed source apportionment 

using PMF. Therefore, this study investigated the characteristics of organic 

compounds and sources of the PM2.5 organic extracts collected in Seoul, South Korea 

and Beijing, China and evaluated the production of PM2.5 organic extract induced 

IL-8 on human lung epithelial cells.  
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2. Materials and methods 

2.1 Sampling sites and collection procedure 

 PM2.5 samples from two sampling sites were used to compare between 

Seoul and Beijing. The locations of the sampling sites are same as the sampling sites 

mentioned in chapter 3. In each site, samples were collected for twenty-four hour by 

using a high-volume air sampler (TE-HVPLUS, TISCH, USA) and a low-volume air 

sampler with filter pack (URG-2000-30FG, URG, USA) and cyclone (URG-2000-

30EH, URG, USA). Low-volume air samplers were loaded with Teflon filters (PTFE 

membrane, Pall Corporation, USA) and high-volume air samplers were loaded with 

pre-baked (450℃ for 24 h) quartz filters. 

 

2.2 PM2.5 chemical analyses 

 Collected samples were kept below -20℃ before use. Teflon filters were 

stored in desiccator at least 24 h before and after sampling to be accurately weighted 

in a semi-micro balance (accuracy of 0.01 mg) (CP225D, Sartorius). 17 samples and 

18 samples were selected from Seoul and Beijing, respectively. These samples 

encompass summer and winter.  

Quartz filters from high volume air samplers were used to analyze OC, EC, 

organic compounds and cell exposure. The filters were punched (1.5 cm x 1.0 cm) 

to analyze OC and EC using a carbon aerosol analyzer (Sunset Laboratory Inc., USA) 

and thermal/optical transmittance (TOT) method was used for the data quantification. 

The filters were also punched by a stainless cutter in size of 4 cm x 8 cm and were 
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used for extraction. As mentioned in chapter 2, solvent mixture of 

dichloromethane:methanol (3:1, v/v) was used for sample extractions with ultrasonic 

bath. A Turbovap II (Zymark Co., USA) with N2 gas was used to concentrate the 

extracted samples into 10 mL. Then the samples were filtered with 0.45 µm Acrodisc 

Syringe Filters (Pall Corporation, USA) and concentrated in to 1 mL with a 

Turbovap II and Reacti-Therm (Thermo Fisher Scientific, USA) under a gentle 

stream of N2 gas. The extracted samples were used for analysis of organic compound 

and in vitro experiments. Gas chromatography-mass spectrometry (7080B/5977B, 

Agilent Technologies, Inc., USA) was used for quantification of 57 species of non-

polar and 52 species of polar compounds with 6 calibration standards. From 1 mL 

concentrated extraction, 50 μL was silylated for the analysis of polar compounds. 

Conditions of silylation was reaction at 75℃ for 90 minutes after adding N, O-bis-

(trimethylsilyl) trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane (TMCS) 

(99%, Sigma Aldrich, USA) and pyridine (HPLC grade, Sigma Aldrich, USA). 

 

2.3 Cell culture and exposure 

Normal human bronchial epithelial cells (BEAS-2B from ATCC, Manassas, 

VA, USA) were maintained in defined keratinocyte-SFM (Gibco by Thermo Fisher 

Scientific, Waltham, MA, USA) at 37C under 5% CO2. The same exposure dose 

(1%) and time (24 h) were used as previous experiment in chapter 2. The levels of 

IL-8 in cell culture media were measured by enzyme-linked immunosorbent assay 

(ELISA) using the Human IL-8 (DuoSet ELISA kit, R&D Systems, Minneapolis, 

MN).  
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2.4 Source apportionment of organic compounds in PM2.5 using PMF  

 PMF model is widely used for ambient PM2.5 source apportionment. In this 

study, EPA’s PMF 5.0 was employed for the source apportionment of PM2.5 of OC 

in Seoul and Beijing. Unlike CMB, PMF is more advanced model that does require 

source profiles. A total of 41 and 43 parameters were used for Seoul and Beijing, 

respectively. Though 109 species of organic compounds have been analyzed these 

organic compounds were specifically selected as molecular marker which are usually 

used as source tracer (Schauer and Sioutas, 2012). In addition, among selected 

molecular markers, species with the low signal to noise ratio were excluded (Paatero 

and Hopke, 2003). Inputs included mass concentrations and associated uncertainties.   

Once sources have been identified, the source contributions were only calculated for 

samples which were selected for lung epithelial cell exposure analysis.  

 

2.5 Trajectory cluster analysis 

 72 h backward trajectories for Seoul and Beijing site were calculated by 

using HYSPLIT 4 model of the National Oceanic and Atmospheric Administration, 

USA. Meteorological data with a resolution of 1° from GDAS for 2019 was used to 

calculate endpoint dataset for every hour. Four clustering pathways were identified.   
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3. Results and Discussion 

3.1 PM2.5 and chemical constituents 

 A summary of PM2.5 mass concentrations, its chemical constituents and 

expression levels IL-8 of Seoul and Beijing are displayed in Table 4-1 and Figure 4-

1. The average PM2.5 mass concentrations in Seoul and Beijing were 27.0 µg/m3 and 

37.5 µg/m3, respectively. Also, the average OC concentrations in Seoul and Beijing 

were 5.0 µg/m3 and 6.8 µg/m3, respectively. Both of the average PM2.5 mass 

concentrations and OC concentrations in Beijing were higher than that of Seoul, but 

the difference was not statistically significant. However, the average concentration 

of organic compounds in Beijing (526.0 ng/m3) was significantly higher than that of 

Seoul (340.7 ng/m3). Moreover, the expression levels of IL-8 was significantly 

higher in Beijing (130.6 pg/mL) than that of Seoul (84.2 pg/mL). The results align 

with the chapter 2 results that organic compounds within PM2.5 are more important 

in inducing neutrophilic inflammation than PM2.5 mass concentrations itself.  

 While Beijing had higher average concentrations of most of the organic 

compounds, n-alkanes, dicarboxylic acids, benzenecarboxylic acids, alkanoic acids, 

and fatty acids were especially higher than that of Seoul (Table 4-1 and Figure 4-2). 

Major sources of n-alkanes include biogenic sources such as vegetative detritus, 

plant wax emission and anthropogenic sources such as biomass burning, road-dust, 

and fossil fuel combustion (Bi et al., 2003; Feng et al., 2006). Dicarboxylic acids, 

benzenecarboxylic acids, alkanoic acids, and fatty acids are usually used as markers 

for secondary organic carbon (SOC) (Jaeckels et al., 2007; Wu et al., 2018). Though 

Seoul had lower average concentrations of organic compounds, hopanes and 

sugars/glycerides showed higher concentrations than that of Beijing. Hopanes are 
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widely known as markers for vehicle emission (Fraser et al., 1998; Yan et al., 2009; 

Yin et al., 2015) and levoglucosan (sugar) is a widely used marker of biomass 

burning (Simoneit et al., 1999; Schauer et al., 2001).  

 Correlations between the expression levels of IL-8 and organic compounds 

for Seoul and Beijing are presented in Table 4-2 and Table 4-3, respectively. Organic 

compounds which had statistically significant (p<0.05) positive correlations with IL-

8 were only included in Table 4-2 and Table 4-3. As shown in chapter 2, PAHs and 

n-alkanes showed high correlations (r>0.5) with the expression levels of IL-8. 

Though, in this study, the samples not only included HCEs but also non-HCEs and 

the samples did not represent four seasons, the number of PAH and n-alkanes species 

which showed high correlations were different from chapter 2. However, for Seoul 

samples, PAHs such as indeno[1,2,3-cd]pyrene, dibenzo[a,h]anthracene, picene, 

benzo[ghi]perylene, coronene, dibenz[a,e]pyrene showed high correlations with the 

expression levels of IL-8 which align with the results in chapter 2. In addition, polar 

compounds such as benzenecarboxylic acids, fatty acids and sterols showed high 

correlations with the expression levels of IL-8. For Beijing samples, 

alkylcyclohexanes, aliphatic diacaids and alkanoic acids showed high correlations 

with the expression levels of IL-8. Only two species of PAHs and n-alkanes showed 

high correlations with IL-8 which indicate that organic compounds which play 

important role in inflammation at Seoul and Beijing are different. Moreover, not only 

primary emissions but also secondary source may induce the inflammation.  
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  unit Seoul (N=17) Beijing (N=18) 

    Average Stdev. Average Stdev. 

IL-8 pg/mL 84.2 18.7 130.6 54.1 

PM2.5 µg/m3 27.0 11.2 37.5 34.3 

EC µg/m3 0.6 0.4 0.7 0.3 

OC µg/m3 5.0 2.3 6.8 3.9 

Σ Organic compounds ng/m3 340.7 82.8 526.0 133.0 

Σ PAHs ng/m3 19.1 11.1 18.4 20.0 

Σ n-alkanes ng/m3 159.2 44.5 275.6 67.3 

Σ Hopanes and steranes ng/m3 10.3 5.6 8.4 2.3 

Σ Alkylcyclohexanes and 

isoprenoids 
ng/m3 16.5 9.7 15.2 9.8 

Σ Aliphatic Diacaids ng/m3 29.9 21.2 47.2 30.4 

Σ Benzenecarboxylic Acids ng/m3 5.6 3.1 12.1 7.2 

Σ Alkanoic Acids ng/m3 27.6 8.6 51.6 11.5 

Σ fatty acids ng/m3 32.2 9.4 59.0 17.2 

Σ Sugars/Glycerides ng/m3 28.2 18.7 21.7 24.9 

Σ sterols ng/m3 1.1 0.5 1.8 2.0 

Σ methoxyPheols ng/m3 6.5 1.9 8.7 3.2 

Σ Resin Acids ng/m3 4.5 3.0 6.2 4.1 

Table 4-1 Summary of PM2.5, chemical constituents and expression levels of IL-8 in 

Seoul and Beijing 
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Figure 4-1 Box plots of PM2.5, OC, organic compounds and IL-8 for Seoul and Beijing 
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Figure 4-2 Stacked concentrations and percent composition of organic compounds 

in Seoul and Beijing 
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Table 4-2 Correlation between IL-8 and organic compounds for Seoul 

  r p-value 

PAHs   

Indeno[1,2,3-cd]pyrene 0.77 <0.001 

Dibenzo[a,h]anthracene 0.55 <0.001 

Picene 0.55 0.028 

Benzo[ghi]perylene 0.68 0.004 

Coronene 0.76 0.001 

Dibenz[a,e]pyrene 0.58 0.018 

ΣPAHs 0.67 0.005 

 

n-alkanes 
  

n-C27 0.62 0.010 

 

Benzenecarboxylic Acids 
  

Phthalic Acid (1,2) 0.71 0.047 

 

Fatty acids 
  

Palmitoleic Acid (C16:1) 0.59 0.015 

Triacontanoic acid 0.83 0.001 

 

Sterols 
  

ΣSterols 0.50 0.050 
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Table 4-3 Correlation between IL-8 and organic compounds for Beijing 

  r p-value 

PAHs   

Dibenzo[a,e]pyrene 0.58 0.016 

 

n-alkanes 
  

n-C22 0.63 0.005 

 

Alkylcyclohexanes and isoprenoids 
  

2-Methylnonadecane 0.66 0.003 

3-Methylnonadecane 0.71 0.001 

ΣAlkylcyclohexanes and isoprenoids 0.78 <0.001 

 

Aliphatic Diacaids 
  

Glutaric (C5) 0.49 0.039 

Suberic (C8) 0.50 0.036 

Azelaic (C9) 0.47 0.047 

Sebacic (C10) 0.51 0.030 

ΣAliphatic Diacaids 0.49 0.040 

 

Alkanoic Acids 
  

C16:0 0.61 0.007 

C18:0 0.50 0.034 

ΣAlkanoic Acids 0.49 0.038 
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3.2 PMF results 

While CMB are used for identifying primary sources with few numbers of 

samples, PMF are widely used for source apportionment of primary as well as 

secondary sources. In order to trace primary and secondary sources to ambient OC, 

PMF was employed with 41 and 43 molecular markers for Seoul and Beijing samples, 

respectively. 52 samples and 73 samples were used for Seoul and Beijing, 

respectively. PMF has been performed number of times with four, five, and six 

factors for each site. Five factors at Seoul and six factors at Beijing were selected as 

optimal solution.  

For Seoul, primary biogenic, mobile, biomass burning, SOC-1/cooking, 

and SOC-2 were identified as contributing sources to ambient OC (Figure 4-3). 

Primary biogenic source was characterized by high loadings of n-alkanes (n-C25~n-

C33), phthalic acid, and levoglucosan and accounted for 23.7% to OC at Seoul which 

was second highest contributing source. High contribution of primary biogenic 

source may be due to the Gwanak mountain nearby which is one of the highest 

mountains in Seoul. Mobile source was identified with high loading of hopanes 

(17A(H)-21B(H)-30-norhopane, 17A(H)-21B(H)-hopane), steranes (AAA-20S-

C27-Cholestane, ABB-20R-C27-Cholestane), PAHs (coronene, perylene, 

indeno[1,2,3-cd]pyrene, benzo[ghi]perylene, benzo[a]pyrene, benzo[e]pyrene) and 

n-alkanes (n-C27~n-C33) (Shrivastava et al., 2007; Schauer and Sioutas, 2012). As 

EC and hopanes are used as markers for diesel vehicles (Schauer et al., 1999) and 

PAHs and steranes are well known markers for gasoline vehicles (Schauer et al., 

2002; Heo et al., 2013), mobile factor in Seoul comprises of both diesel and gasoline 
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vehicles. Mobile factor contributed about 13.1% to OC and had steady contributions 

throughout the year. Biomass burning source was characterized by high loadings of 

levoglucosan and PAHs (Simoneit et al., 1999; Schauer et al., 2001; Sarigiannis et 

al., 2015; Zhang et al., 2016). Burning of agricultural residue after wheat and rice 

harvest may have caused the high contributions in spring, autumn, and winter but 

not in summer. The contributions of biomass burning accounted for 16.8% to OC at 

Seoul. SOC-1/cooking source accounted for 31.8% and showed highest 

contributions to OC. This factor was characterized by high loadings of palmitoleic 

acid, methylphthalic acid, phthalic acid, succinic acid and pinonic acid. While 

pinonic acid is a marker for biogenic SOA, methylphthalic acid, phthalic acid and 

succinic acid are markers for anthropogenic SOA as they are produced from 

photochemical oxidation of PAHs (Sheesley et al., 2004; Baltensperger et al., 2005). 

Thus SOC-1 is a mixed source of biogenic and anthropogenic SOC. Palmitoleic acid 

and PAHs (benzo[k]fluoranthene, benzo[a]pyrene, and benzo[e]pyrene) are usually 

used as tracer for cooking (Rogge et al., 1991; Schauer et al., 1999). SOC-2 was 

identified by high loadings to aliphatic diacaids such as succinic acid, glutaric acid, 

pimelic acid, suberic acid, azelaic acid, and sebacic acid and moderate loading of 

pinonic acid. This factor accounted for 14.5% to OC. Aliphatic dicarboxylic acids 

are known indicators of anthropogenic SOC which are formed through photo-

oxidation process of pollutants (Shrivastava et al., 2007; Choi et al., 2012) from 

primary sources such as vehicles, meat cooking and wood combustion (Simoneit, 

1986; Park et al., 2006). Thus, SOC-2 was dominated by anthropogenic sources.  
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For Beijing, SOC-1, SOC-2, mobile-1/SOC, biomass burning, mobile-2, 

and coal related combustion were identified as contributing sources to ambient OC 

(Figure 4-4). The contributions of SOC-1 source to OC was 15.7% and had higher 

contributions in summer and fall. High loadings of pinonic acid, n-alkanes (n-

C27~n-C33), and methylphthalic acid were used to identify the factor. As mentioned 

earlier, pinonic acid is formed through oxidation of biogenic precursors and n-

alkanes are from plant waxes which are non-volatile and carried out by long-range 

transport (Feng et al., 2006). Thus, SOC-1 was interpreted as biogenic SOC. SOC-2 

only had high loadings of aliphatic diacaids which can be characterized as 

anthropogenic SOC. The contributions of SOC-2 to OC was 8.5% and had high 

contributions in winter. Mobile-1/SOC source was characterized by high loadings of 

hopanes (17A(H)-21B(H)-30-norhopane and 17A(H)-21B(H)-hopane), EC, and 

medium loadings of isophthalic acid, phthalic acid, methyphthalic acid, succinic and 

glutaric acid. High contributions of hopanes and EC could distinguish diesel from 

gasoline vehicles (Schauer et al., 1999). In addition, succinic and glutaric acid are 

more likely to be found in diesel vehicle exhaust compare to gasoline vehicle exhaust 

(Dabek-Zlotorzynska et al., 2005). This factor showed distinct characteristics of 

diesel related mobile source and was highest contributing source (39.3%). As 

mentioned earlier, biomass burning source had high loadings of levoglucosan and 

mannosan. Similar to seasonal trend of Seoul, high contributions were shown in 

spring, autumn and winter. Though the percent contribution of biomass burning at 

Beijing (17.7%) was similar to that of Seoul (16.8%), the concentrations were twice 

as high at Beijing (1.46 µg/m3) than that of Seoul (0.71 µg/m3). Previous studies 
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have reported that the contribution of biomass burning to PM2.5 OC at Beijing ranged 

from 18 to 38% (Zhang et al., 2008) which is similar to the result of this study. 

Mobile-2 source had high loadings of steranes (AAA-20S-C27-cholestane and ABB-

20R-C27-cholestane), hopane (17A(H)-22, 29, 30-trisnorhopane), n-alkanes (n-

C28~n-C33) and PAHs (coronene and perylene). Numerous studies have reported 

that significant enrichment of AAA-20S-C27-cholestane, ABB-20R-C27-cholestane, 

17A(H)-22, 29, 30-trisnorhopane, coronene and perylene were shown in gasoline 

vehicle exhaust (Schauer et al., 1996; Schauer et al., 2002; Cai et al., 2017). Coal 

related combustion source had high loadings of PAHs (Phenanthrene, fluoranthene, 

pyrene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, 

benzo[a]pyrene, benzo[e]pyrene, perylene, indeno[1,2,3-cd]pyrene, picene, and 

benzo[ghi]perylene. These organic compounds are used as markers for coal 

combustion in China (Zhang et al., 2008).  

The source contributions and percent contributions of the samples which 

were sent for exposure analysis were presented in Figure 4-5 and Figure 4-6. At 

Seoul (N=17), the source with highest contribution to PM2.5 OC was SOC-1/cooking 

(38.2%), followed by biomass burning (27.4%), primary biogenic (15.4%), mobile 

(9.7%) and SOC-2 (9.3%). The highest contributing source at Beijing (N=18) was 

SOC-1 (28.3%), followed by mobile-1/SOC (25.2%), mobile-2 (17.8%), biomass 

burning (13.0%), SOC-2 (9.2%), and coal related combustion (6.4%).  

Levels of IL-8, source contributions and percent contributions to PM2.5 OC 

at Seoul and Beijing were displayed in Figure 4-7. At Seoul, source which showed 

positive correlations with IL-8 expression levels was biomass burning (r=0.5, p-
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value=0.047). High correlations with IL-8 corroborates with the result from chapter 

2 that vegetative detritus had high correlations with IL-8 production. Moreover, 

biomass burning source at Seoul had high loadings of PAHs which also align with 

the result from chapter 2 which PAHs are important chemical composition that cause 

adverse health effects. On the other hand, sources which showed positive 

correlations with IL-8 expression levels at Beijing were SOC-1 (r=0.5, p-

value=0.025) and SOC-2 (r=0.51, p-value=0.030).  
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Figure 4-3 Source profiles of PM2.5 OC in Seoul (N=52) 
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Figure 4-4 Source profiles of PM2.5 OC in Beijing (N=73) 
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Figure 4-5 Stacked source concentrations and percent contributions of samples with 

exposure analysis in Seoul (N=17) 
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Figure 4-6 Stacked source concentrations and percent contributions of samples with 

exposure analysis in Beijing (N=18) 
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Figure 4-7 Levels of IL-8, source contributions and percent contributions to PM2.5 OC at Seoul (N=17) and Beijing (N=18)
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3.3 Cluster analysis and expression levels of IL-8 at Seoul and Beijing 

 The results of clustering pathways arriving at Seoul and Beijing were 

presented in Figure 4-8 and Figure 4-9, respectively. Four clustering pathways were 

identified for Seoul. Cluster 1 (27%) and 3 (13%) came in northwestern direction 

from northern China and Russia, respectively and passed through northern China and 

North Korea. Cluster 2 accounted for 50% of trajectories and was from east China. 

Cluster 4 came from east of South Korea where Japan is located and accounted for 

10%. Out of 17 samples which were selected at Seoul site, most of the samples came 

through cluster 1 (N=6) and 2 (N=8). The average IL-8 expression level was highest 

for cluster 1 (97.6 pg/mL) and lowest for cluster 4 (57.4 pg/mL). In addition, two 

dates (winter) with highest IL-8 expression levels came from cluster 1 and two dates 

(summer) with lowest IL-8 expression levels came from cluster 4. The greatest 

difference in contributions between two dates with highest IL-8 expression levels 

and two dates with lowest IL-8 expression levels were shown in primary biogenic 

and biomass burning sources.  

 At Beijing, three clustering pathways were identified. Cluster 1 accounted 

for 37% of trajectories which came in from southeast of Beijing along the coastal 

area. Cluster 2 (39%) started from Mongolia passed through northern China and 

cluster 3 (23%) came in from Russia and passed through Mongolia. Among 18 

samples, most of the samples came through cluster 1 (N=7) and 2 (N=7). Dates with 

highest expression levels of IL-8 were from cluster 1 (170.1 pg/mL) and lowest were 

from cluster 3 (84.0 pg/mL). The greatest difference in contributions between two 
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dates with highest IL-8 expression levels and two dates with lowest IL-8 expression 

levels were SOC-1 and SOC-2 sources.  
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Figure 4-8 Mean 72 h backward trajectory clusters arriving at Seoul in 2019 
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Figure 4-9 Mean 72 h backward trajectory clusters arriving at Beijing in 2019 
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4. Conclusions 

In this study, 17 samples and 18 samples which were collected from Seoul 

and Beijing, respectively were selected for lung epithelial cell exposure to determine 

expression levels of IL-8. Samples were collected in 2019 and encompass winter and 

summer. The average PM2.5 mass concentrations and OC concentrations in Beijing 

were higher than that of Seoul, but the difference was not statistically significant. 

However, the average concentration of organic compounds and the expression levels 

of IL-8 in Beijing were significantly higher than that of Seoul. The results indicate 

that organic compounds within PM2.5 are more important in inducing neutrophilic 

inflammation than PM2.5 mass concentrations itself.  

For Seoul samples, PAHs such as indeno[1,2,3-cd]pyrene, 

dibenzo[a,h]anthracene, picene, benzo[ghi]perylene, coronene, dibenz[a,e]pyrene 

showed high correlations with the expression levels of IL-8 which align with the 

results in chapter 2. However, alkylcyclohexanes, aliphatic diacaids and alkanoic 

acids in Beijing samples showed strong association with the expression levels of IL-

8. The results indicate that organic compounds which play important role in 

inflammation at Seoul and Beijing are different.  

PMF was performed separately for Seoul and Beijing with 52 samples and 

73 samples, respectively, and these data included samples which were selected for 

exposure analysis. For Seoul samples (N=17), the source with highest contributions 

to PM2.5 OC was SOC-1/cooking (38.2%), followed by biomass burning (27.4%), 

primary biogenic (15.4%), mobile (9.7%) and SOC-2 (9.3%). Source which showed 

positive correlations with IL-8 expression levels was biomass burning (r=0.5, p-
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value=0.047). The highest contributing source at Beijing (N=18) was SOC-1 

(28.3%), followed by mobile-1/SOC (25.2%), mobile-2 (17.8%), biomass burning 

(13.0%), SOC-2 (9.2%), and coal related combustion (6.4%). Unlike Seoul, sources 

which showed positive correlations with IL-8 expression levels at Beijing were 

(r=0.5, p-value=0.025) and SOC-2 (r=0.51, p-value=0.030). Lastly, 72 h backward 

trajectory clusters were identified to be arriving at Seoul and Beijing in 2019. For 

Seoul, most of the samples came through cluster 1 (N=6) which came in from 

northwestern direction through Northern China and cluster 2 (N=8) which came in 

from western direction from Northern China. The average IL-8 expression level was 

highest for cluster 1 (97.6 pg/mL) and lowest for cluster 4 (57.4 pg/mL). Moreover, 

the greatest difference in contributions between two dates with highest IL-8 

expression levels and two dates with lowest IL-8 expression levels were shown in 

primary biogenic and biomass burning sources. However, three clustering pathways 

were identified for Beijing and most of the samples came through cluster 1 (N=7) 

which came in from southeast of Beijing along the coastal area and cluster 2 (N=7) 

from Mongolia. Dates with highest expression levels of IL-8 were from cluster 1 

(170.1 pg/mL) and lowest were from cluster 3 (84.0 pg/mL). Furthermore, the 

greatest difference in contributions between two dates with highest IL-8 expression 

levels and two dates with lowest IL-8 expression levels were SOC-1 and SOC-2 

sources.  
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1. Summary 

1.1 The impact of organic extracts of seasonal PM2.5 on primary human 

lung epithelial cells and their chemical characterization 

This study assessed the impact of PM2.5 organic extracts collected during 

the high concentration events in Seoul, South Korea on primary human lung 

epithelial cells. Twelve selected PM2.5 samples from May 2016 to January 2017 were 

used to evaluate the effects of organic compounds of PM2.5 on inflammation, cellular 

aging, and macroautophagy in human lung epithelial cells isolated from healthy 

donors. Organic extracts of PM2.5 collected in Seoul, South Korea, during HCEs 

induced inflammation, cellular aging, and macroautophagy activation in primary 

lung epithelial cells. The average mass concentrations, OC and EC had no significant 

correlations with PM2.5 effects. Both PAHs and n-alkanes were the most relevant 

components of PM2.5 for inflammation, aging and macroautophagy activation. 

Vegetative detritus and residential bituminous coal combustion sources were 

strongly correlated with neutrophilic inflammation, aging, and macroautophagy 

activation. The findings support the idea that the chemical constituents of PM2.5 are 

more important than the level of PM2.5 mass concentrations and even low 

concentration of PM2.5 may have adverse impacts on the public health. 
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1.2 Source apportionment of PM2.5 in Seoul, South Korea and Beijing, 

China 

Simultaneous ground-based monitoring and chemical analyses of PM2.5 in 

Seoul, South Korea and Beijing, China were conducted for a period of one year. PMF 

model was utilized for the source apportionment of ambient PM2.5 in the two sites 

and nine optimal sources were identified. In Seoul, secondary nitrate (27.2%) had 

the highest contribution to PM2.5, followed by secondary sulfate (19.5%), oil 

combustion (11.9%), biomass burning (11.1%), mobile sources (9.57%), 

incineration (8.35%), industry/coal combustion (5.72%), soil (5.12%), and aged sea 

salt (1.51%). In Beijing, the highest contributing source was secondary nitrate 

(25.7%) followed by secondary sulfate (22.9%), mobile sources (11.9%), industrial 

sources (10.6%), biomass burning (7.68%), soil (7.45%), incineration (7.43%), coal 

combustion (4.64%), and aged sea salt (1.72%). High contributions of secondary 

inorganic aerosols aligned with high concentrations of ionic species. The PSCF maps 

show that Seoul and Beijing were significantly affected by long-range transport of 

air pollutants since these cities do not have coal combustion power plants or iron and 

steel industries. NOx and NH3 must be included in pollution reduction policy in 

South Korea and China. 
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1.3 Characteristics of PM2.5 organic extracts from Seoul and Beijing on 

human lung epithelial cells 

This study investigated the characteristics of organic compounds and 

sources of the PM2.5 organic extracts collected in Seoul, South Korea and Beijing, 

China and evaluated the production of PM2.5 organic extract induced IL-8 on human 

lung epithelial cells. The average PM2.5 mass concentrations and OC concentrations 

in Beijing were higher than that of Seoul, but the difference was not statistically 

significant. However, the average concentration of organic compounds and the 

expression levels of IL-8 in Beijing were significantly higher than that of Seoul. The 

results indicate that organic compounds within PM2.5 are more important in inducing 

neutrophilic inflammation than PM2.5 mass concentrations itself.  

For Seoul samples, PAHs mainly showed high correlations with the 

expression levels of IL-8. However, alkylcyclohexanes, aliphatic diacaids and 

alkanoic acids in Beijing samples showed strong association with the expression 

levels of IL-8. The results indicate that organic compounds which play important 

role in inflammation at Seoul and Beijing are different. For Seoul samples (N=17), 

source which showed positive correlations with IL-8 expression levels was biomass 

burning (r=0.5, p-value=0.047). However, sources which showed positive 

correlations with IL-8 expression levels at Beijing (N=18) were (r=0.5, p-

value=0.025) and SOC-2 (r=0.51, p-value=0.030). 72 h backward trajectory clusters 

were identified to be arriving at Seoul (four clusters) and Beijing (three clusters) in 

2019. For Seoul, the average IL-8 expression level was highest for cluster 1 (97.6 

pg/mL) which came in from northwestern direction through northern China and for 



168 

 

Beijing, the average IL-8 expression level was highest for cluster 1 (170.1 pg/mL) 

which starts from southeast of Beijing along the coastal area.  
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2. Conclusions 

 In this study, the PM2.5 organic extracts which were collected from Seoul, 

South Korea specifically induced neutrophilic chemokine, IL-8 via ERK activation. 

IL-8 is a chemokine that recruit neutrophils which are known to be involved in the 

pathogenesis of inflammatory lung diseases such as asthma, COPD, adult respiratory 

distress syndrome (ARDS) (Pease and Sabroe, 2002). Many studies have reported 

that IL-8 and neutrophils have been detected in COPD patients. Moreover, cigarette 

smoking which is one of the major factors that develops COPD was reported to 

enhance IL-8 production (Lee et al., 2018). The specific mechanisms of PM2.5 in lung 

epithelial cells are still unclear, but the inflammation via induced chemokine (IL-8) 

and recruitment of neutrophils is quite similar to the effects of cigarette smoking. 

Though the average mass concentrations and OC and EC were highest in spring than 

that of other seasons, the expression levels of active ERK and IL-8 were significantly 

higher when the cells were exposed to PM2.5 organic extracts from fall and winter. 

High production of IL-8 by fall and winter PM2.5 organic extracts were due to the 

high concentrations of organic compounds in cold season. Organic compounds such 

as PAHs and n-alkanes and primary sources such as vegetative detritus and 

residential coal combustion were found to be crucially important in determining the 

adverse health effects of PM2.5. 

 As China is among the largest countries in the world, the deterioration in 

its air quality has been affecting downwind countries including South Korea through 

the long-range transport of pollutants. Since specific chemical constituents of PM2.5 
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and sources play important role in causing health effects, understanding of 

characteristics of PM2.5 in South Korea and China was needed. In this study, 

simultaneous daily ground-based continuous monitoring of PM2.5 in Seoul and 

Beijing was conducted for one year in 2019. Main finding was that continuous efforts 

towards SO2 reduction through the implementation of the Action Plan in China have 

significantly decreased the contribution of secondary sulfate. Reduction of SO2 have 

led to increased contribution of secondary nitrate source both in Beijing and Seoul, 

therefore, additional policies to reduce NOx and NH3 should be implemented.  

 The last study investigated the characteristics of organic compounds and 

sources of the PM2.5 organic extracts collected in Seoul, South Korea and Beijing, 

China and evaluated the production of PM2.5 organic extract induced IL-8 on human 

lung epithelial cells. While the average PM2.5 mass concentrations and OC 

concentrations in Beijing were higher than that of Seoul, the difference was not 

statistically significant. On the other hand, the average concentration of organic 

compounds and the expression levels of IL-8 in Beijing were significantly higher 

than that of Seoul. For Seoul, PAHs and biomass burning source showed strong 

correlations with IL-8 expression levels which corroborate with the results of first 

study. However, organic compounds and sources which induce neutrophilic 

inflammation at Beijing were different from Seoul. For Beijing, organic compounds 

such as aliphatic diacaids, alkylcyclohexanes and alkanoic acids showed positive 

correlations with expression levels of IL-8. Moreover, SOC-1 (biogenic SOC) and 

SOC-2 (anthropogenic SOC) showed strong correlations with IL-8 expression levels. 
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The results indicate that organic compounds and sources which play important role 

in inflammation at Seoul and Beijing are different.  
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APPENDIX 

 

Table 1 QA/QC for GC/MS 

  GC/MS Ionic species 

Calibration curves 
6 points of non-polar and polar 

standards 

7 points of anion and cation 

standards 

Method detection limit 

(MDL) 

7 duplicates were used  

3.707 x σ at one side  

(99% confidence) 

7 duplicates were used 3.143 x 

σ at one side  

(98% confidence) 

Recovery 

1) Spiked filters recovery   

2) Internal & surrogate standard  

recovery  

(Measured/True)*100 (%) 

- 
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Table 2 GC/MS MDLs for Seoul data 

Compounds 
MDL 

(ng/m3) 
Compounds 

MDL 

(ng/m3) 

PAHs   n-alkanes  

Acenapthene 0.475  Heneicosane (n-C21) 0.173 

Fluorene 0.030  Docosane (n-C22) 0.025 

Phenanthrene 0.035  Tricosane (n-C23) 0.153 

Anthracene 0.061  Tetracosane (n-C24) 0.192 

9-Methylanthracene 0.091  Pentacosane (n-C25) 0.186 

Fluoranthene 0.048  Hexacosane (n-C26) 0.174 

Pyrene 0.022  Heptacosane (n-C27) 0.187 

Retene 0.053  Octacosane (n-C28) 0.337 

Benzo[ghi]flouranthene 0.051  Nonacosane (n-C29) 0.341 

Cyclopenta[cd]pyrene 0.052  Triacontane (n-C30) 0.274 

Benzo[a]anthracene 0.057  Hentriacontane (n-C31) 0.116 

Chrysene 0.049  Dotriacontane (n-C32) 0.201 

Benzo[b]fluoranthene 0.025  Tritriacontane (n-C33) 0.240 

Benzo[k]fluoranthene 0.043  Tetratriacontane (n-C34) 0.231 

Benzo[a]pyrene 0.027  Pentatriacontane (n-C35) 0.201 

Benzo[e]pyrene 0.043  Hexatriacontane (n-C36) 0.215 

Perylene 0.048  Heptatriacontane (n-C37) 0.151 

Indeno[1,2,3-cd]pyrene 0.081    

Dibenzo[a,h]anthracene 0.076  Alkylcyclohexanes/Isoprenoids  

Picene 0.157  Dibenzofuran 0.060 

Benzo[ghi]perylene 0.166  9-Methyl-fluorene 0.088 

Coronene 0.087  2-Methylnonadecane 0.091 

Dibenz[a,e]pyrene 0.056  3-Methylnonadecane 0.156 

   Pentadecylcyclohexane 0.096 

Hopanes/Steranes   Methyl-fluoranthene 0.028 

AAA-20S-C27-Cholestane 0.017  Hexadecylcyclohexane 0.078 

ABB-20R-C27-Cholestane 0.024  Heptadecylcyclohexane 0.280 

ABB-20R-C28-Methylcholestane 0.014  Octadecylcyclohexane 0.250 

17A(H)-22,29,30-Trisnorhopane 0.031  Nonadecylcyclohexane 0.050 

ABB-20R-C29-Ethylcholestane 0.012  Methyl-chrysene 0.045 

17A(H)-21B(H)-30-Norhopane 0.011    

17A(H)-21B(H)-Hopane 0.014       
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Table 2 GC/MS MDLs for Seoul data (Continued) 

Compounds 
MDL 

(ng/m3) 
Compounds 

MDL 

(ng/m3) 

Dicarboxylic acids   Sugars/Glycerides  

Malonic (C3) 0.643  Mannosan 0.082 

Maleic (C3=) 0.144  Levoglucosan 0.570 

Succinic (C4) 0.478  Monopalmitin (16:0) 0.231 

Fumaric (C4=) 0.191  Monoolein (18:1) N.D. 

Glutaric (C5) 0.346  Monostearin (18:0) 0.273 

Adipic (C6) 0.649    

Pimelic (C7) 0.325  Sterols  

Suberic (C8) 0.583  Coprostanol 0.003 

Azelaic (C9) 0.807  Cholesterol 0.003 

Sebacic (C10) 0.288  Cholestanol 0.001 

   Stigmasterol 0.004 

Benzenecarboxylic Acids   β-Sitosterol 0.006 

Terephthalic Acid (1,4) 0.094  Stigmastanol 0.003 

Isophthalic Acid (1,3) 0.245    

Phthalic Acid (1,2) 0.534  MethoxyPhenols  

Methylphthalic Acid 0.131  Vanillin 0.178 

   Acetovanillone 0.176 

Alkanoic Acids   Syringaldehyde 0.228 

C10:0 0.366  3,5-Dimethoxy-4-

hydroxyacetophenone 
0.105 

C12:0 0.194  4-Hydroxy-3-

methoxycinnamaldehyde 
0.042 

C14:0 0.375  3,5-Dimethoxy-4-

hydroxycinnamaldehyde 
N.D. 

C16:0 0.137    

C18:0 0.716  Resin Acids  

C20:0 0.295  Iso-Pimaric Acid 0.086 

C22:0 0.209  Pimaric Acid 0.035 

C24:0 0.079  Abietic Acid 0.112 

   Dehydroabietic Acid 0.057 

Fatty Acids   Campesterol 0.215 

Pinonic Acid 0.676    

Palmitoleic Acid (C16:1) 0.219    

Linoleic Acid (18:2) 0.017    

Oleic Acid (C18:1) 0.041    

Linolenic Acid N.D.    

Octacosanoic Acid N.D.    

Triacontanoic acid N.D.       
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Table 3 GC/MS MDLs for Beijing data 

Compounds 
MDL 

(ng/m3) 
Compounds 

MDL 

(ng/m3) 

PAHs   n-alkanes  

Acenapthene 0.481  Heneicosane (n-C21) 0.172 

Fluorene 0.030  Docosane (n-C22) 0.477 

Phenanthrene 0.033  Tricosane (n-C23) 0.150 

Anthracene 0.051  Tetracosane (n-C24) 0.189 

9-Methylanthracene 0.088  Pentacosane (n-C25) 0.184 

Fluoranthene 0.046  Hexacosane (n-C26) 0.170 

Pyrene 0.022  Heptacosane (n-C27) 0.185 

Retene 0.053  Octacosane (n-C28) 0.303 

Benzo[ghi]flouranthene 0.049  Nonacosane (n-C29) 0.309 

Cyclopenta[cd]pyrene 0.047  Triacontane (n-C30) 0.249 

Benzo[a]anthracene 0.052  Hentriacontane (n-C31) 0.114 

Chrysene 0.050  Dotriacontane (n-C32) 0.201 

Benzo[b]fluoranthene 0.019  Tritriacontane (n-C33) 0.235 

Benzo[k]fluoranthene 0.051  Tetratriacontane (n-C34) 0.226 

Benzo[a]pyrene 0.021  Pentatriacontane (n-C35) 0.210 

Benzo[e]pyrene 0.045  Hexatriacontane (n-C36) 0.219 

Perylene 0.039  Heptatriacontane (n-C37) 0.156 

Indeno[1,2,3-cd]pyrene 0.126    

Dibenzo[a,h]anthracene 0.096  Alkylcyclohexanes/Isoprenoids  

Picene 0.159  Dibenzofuran 0.061 

Benzo[ghi]perylene 0.280  9-Methyl-fluorene 0.089 

Coronene 0.089  2-Methylnonadecane 0.092 

Dibenz[a,e]pyrene 0.052  3-Methylnonadecane 0.158 

   Pentadecylcyclohexane 0.092 

Hopanes/Steranes   Methyl-fluoranthene 0.030 

AAA-20S-C27-Cholestane 0.016  Hexadecylcyclohexane 0.076 

ABB-20R-C27-Cholestane 0.024  Heptadecylcyclohexane 0.274 

ABB-20R-C28-Methylcholestane 0.014  Octadecylcyclohexane 0.245 

17A(H)-22,29,30-Trisnorhopane 0.030  Nonadecylcyclohexane 0.049 

ABB-20R-C29-Ethylcholestane 0.012  Methyl-chrysene 0.046 

17A(H)-21B(H)-30-Norhopane 0.011    

17A(H)-21B(H)-Hopane 0.014       
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Table 3 GC/MS MDLs for Beijing data (Continued) 

Compounds 
MDL 

(ng/m3) 
Compounds 

MDL 

(ng/m3) 

Dicarboxylic acids   Sugars/Glycerides  

Malonic (C3) 0.643  Mannosan 0.106 

Maleic (C3=) 0.123  Levoglucosan 0.697 

Succinic (C4) 0.416  Monopalmitin (16:0) 0.264 

Fumaric (C4=) 0.173  Monoolein (18:1) N.D. 

Glutaric (C5) 0.302  Monostearin (18:0) 0.295 

Adipic (C6) 0.555    

Pimelic (C7) 0.283  Sterols  

Suberic (C8) 0.472  Coprostanol 0.003 

Azelaic (C9) 0.670  Cholesterol 0.003 

Sebacic (C10) 0.252  Cholestanol 0.002 

   Stigmasterol 0.004 

Benzenecarboxylic Acids   β-Sitosterol 0.007 

Terephthalic Acid (1,4) 0.148  Stigmastanol 0.003 

Isophthalic Acid (1,3) 0.384    

Phthalic Acid (1,2) 0.534  MethoxyPhenols  

Methylphthalic Acid 0.207  Vanillin 0.379 

   Acetovanillone 0.382 

Alkanoic Acids   Syringaldehyde 0.398 

C10:0 0.590  3,5-Dimethoxy-4-

hydroxyacetophenone 
0.179 

C12:0 0.267  4-Hydroxy-3-

methoxycinnamaldehyde 
0.078 

C14:0 0.479  3,5-Dimethoxy-4-

hydroxycinnamaldehyde 
N.D. 

C16:0 0.137    

C18:0 0.716  Resin Acids  

C20:0 0.364  Iso-Pimaric Acid 0.137 

C22:0 0.250  Pimaric Acid 0.055 

C24:0 0.091  Abietic Acid 0.178 

   Dehydroabietic Acid 0.092 

Fatty Acids   Campesterol 0.364 

Pinonic Acid 0.676    

Palmitoleic Acid (C16:1) 0.339    

Linoleic Acid (18:2) 0.027    

Oleic Acid (C18:1) 0.054    

Linolenic Acid N.D.    

Octacosanoic Acid N.D.    

Triacontanoic acid N.D.       
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Exposure analysis 

Cells were exposed to various dose of PM2.5  organic extracts (0.1, 0.5, 1, 

2%) for 24 h. PM2.5 organic extracts with 1% or less did not affect cell viability but 

greater than 1% affected cell viability, thus all the samples were used in 1% for this 

study. For 1 mL media, 10 µL of organic extracts were added and 450 µL of 1% 

organic extracts were treated to lung epithelial cells for 24 h.   
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국문 초록 

 

한국 서울과 중국 베이징의 대기 중 PM2.5의 

오염원 기여도 및 독성 평가 

 

 

서울대학교 보건대학원 

환경보건학과 환경보건학 전공 

박 지 은 

 

중국과 한국을 포함하는 동아시아 지역은 급격한 발전으로 

인하여 대기오염 문제가 심각한 환경문제로 거론되고 있다. 그 중에서도 

직경이 2.5 µm 이하인 초미세먼지(PM2.5)는 미세한 입자의 특성으로 

인해 흡입 시 걸러지지 않고 폐포 깊숙히 침투하여 심혈관계 및 

호흡기계 질환 등을 야기하여 사망률과 유병률에 높은 상관성을 

나타낸다고 보고된 바 있다. 특히 기관지는 PM2.5 의 인체 노출 시 가장 

먼저 반응하는 호흡기계 세포로써 산화 스트레스와 염증을 야기하여 

만성 폐쇄성 폐질환과 같은 호흡기 질환이나 폐암, 더 나아가 심혈관계 

질환을 유발하는 것으로 알려져 있다.  

PM2.5 에 의한 건강영향은 다수의 역학 및 독성 연구를 통해 

활발히 진행 되어 왔지만, PM2.5 의 독성영향은 지역의 특성이나 

화학구성성분 그리고 오염원에 의해 달라질 수 있기 때문에 해당 
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지역에서의 PM2.5 의 특성 파악이 중요하다. 특히 우리나라의 경우 

중국의 풍하 지역에 위치하고 있어 중국에서 발생한 PM2.5 의 장거리 

이동에 의한 영향을 받을 수 밖에 없다. 따라서, 중국과 한국에서 

채취된 PM2.5 의 화학적 특성 및 오염원을 파악하고, 호흡기 질환을 

유발하는 염증 발현에 중요한 화학 성분 및 오염원을 규명하는 것이 

해당지역의 올바른 저감대책을 세우는 데 꼭 필요하다고 할 수 있다.  

본 연구에서는 한국과 중국의 수도인 서울과 베이징에서 

1 년동안 1 일 간격으로 동시에 PM2.5를 채취하고 그 화학 구성성분들을 

분석하여 종합적으로 비교하였다. 수용모델을 이용한 두 도시의 오염원 

기여도 산정 결과 및 오염원 별 발생원 추정 결과는 동아시아 지역의 

장거리 이동에 대한 자료를 구축하고 정책 방안을 제시하는데 활용될 수 

있을 것으로 생각된다. 또한, 두 도시의 PM2.5 시료를 사람의 기관지 

상피 세포에 처치하여 염증 발현에 중요한 역할을 하는 화학 구성성분 

및 오염원을 파악함으로써 향후 대기오염 연관성에 대한 기초자료로 

활용될 수 있을 것으로 예상된다.  

 서울시에서 채취한 계절별 PM2.5 의 유기 성분을 배양 기관지 

상피세포와 직접 채취한 일차 기관지 상피세포에 처치하고 염증, 노화, 

그리고 자가포식에 미치는 영향을 평가하였다. 2016 년 5 월부터 

2017 년 1 월까지의 기간 중 PM2.5 질량농도가 35 ㎍/m3 이상인 고농도 

사례를 계절별로 3개씩 총 12개의 샘플을 선별하였다. 고용량 공기시료 
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채취기에 석영섬유여과지를 장착하여 채취하였고 해당 날짜의 필터들에 

대하여 유기성분을 추출하였다. 추출액은 무극성 물질 60 여 종을 

분석하는데 사용하였고, 일부는 서울대병원 호흡기내과에 보내져 기관지 

상피세포 노출을 진행하였다. 정상인 환자에서 유래된 일차기관지 

상피세포에 처치한 결과, 다환 방향족 탄화수소와 알칸류가 호중구성 

염증발현과 가장 높은 상관성을 보였다. 또한, 식생 자연 발생 오염원과 

주거석탄연소 오염원이 호중구성 염증발현, 노화 그리고 자가포식과 

연관성이 있는 것으로 나타났다.  

 모델링을 통해 서울과 베이징의 PM2.5 의 영향을 미치는 오염원 

구분 및 기여도를 정량적으로 파악하고 오염원 별 발생원을 추정하였다. 

서울에서 2019 년 1 월부터 12 월까지 채취된 샘플 중 294 개와 

베이징에서 2019 년 2 월부터 12 월까지 채취된 샘플 중 226 개에 

대하여 총 26 개의 화학 구성 성분들을 정량하여 PMF 에 적용하였다. 

두 도시에서 공통적으로 구분된 오염원은 이차 질산염, 이차 황산염, 

자동차 오염원, 식생 연소 오염원, 소각시설 오염원, 토양 오염원, 

그리고 노후 해염입자 오염원이었다. 추가적으로 서울에서는 산업/석탄 

연소 오염원과 기름 연소 오염원이 구분되었고, 베이징에서는 산업 

오염원과 석탄 연소 오염원이 구분되었다. 두 도시에서 이온 성분의 

질량이 PM2.5 의 50% 이상을 차지하였고, 이차 질산염과 이차 황산염의 

기여도가 가장 높은 것으로 나타났다. 이차 질산염과 이차 황산염에 
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대한 PSCF 결과에 따르면 난방기간과 비난방기간동안 두 도시 모두 

장거리 이동의 영향을 받는 것으로 나타났다.  

 서울과 베이징에서 채취한 PM2.5 의 유기성분을 배양 기관지 

상피세포에 처치하여 사이토카인의 발현량을 확인하고 도시 별 오염원 

및 유기성분에 따른 차이를 비교하였다. 서울과 베이징에서 난방기간과 

비난방기간의 시료들을 적절하게 섞어 선정하였다. 고용량 

공기시료채취기에 석영섬유여과지를 장착하여 채취하였고 해당 날짜의 

필터들에 대하여 유기성분을 추출하였다. 추출액은 무극성 물질 59 여 

종과 극성 물질 52 여 종을 분석하는데 사용하였고, 일부는 서울대병원 

호흡기내과에 보내져 기관지 상피세포 노출을 진행하였다. PM2.5 

질량농도와 유기탄소 농도가 서울보다 베이징에서 높았지만 그 차이가 

유의미하지는 않은 것으로 나타났다. 하지만 유기성분 농도와 IL-8 의 

발현량이 서울보다 베이징에서 유의미하게 높은 것으로 보아, PM2.5 의 

질량농도 보다는 유기성분이 호중구성 염증발현에 영향을 미치는 것으로 

보인다. 서울 시료에 대한 분석 결과, 첫번째 연구에서 나온 결과와 

같이 다환 방향족 탄화수소와 식생연소 오염원이 호중구성 염증발현과 

높은 상관성을 나타냈다. 반면에 베이징 시료에 대한 분석 결과, 

디카르복시산 등의 극성이 높은 유기성분 및 자연적 배출원의 이차 

유기탄소 오염원과 인위적 배출원의 이차 유기탄소 오염원이 호중구성 

염증발현과 높은 상관성을 보였다. 역궤적 분석을 통해 서울로 들어오는 
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총 4 개의 군집과 베이징으로 들어오는 총 3 개의 군집을 분류하였다. 

서울로 들어오는 군집 중 외부에서 유입되는 군집 1 이 가장 높은 IL-8 

발현량을 나타내었고, 다른 군집에 비해 식생연소 오염원의 기여도가 

크게 나타났다. 베이징으로 들어오는 군집 중에서는 베이징의 

동남쪽에서부터 해안가를 따라 들어오는 군집 1 이 가장 높은 IL-8 

발현량을 나타내었고, 다른 군집에 비해 이차 유기탄소 

오염원(자연적/인위적)들의 기여도가 비교적 크게 나타났다. 따라서, 

서울은 장거리 이동을 통해 외부에서 유입되는 연소 관련 오염원의 

영향이 큰 것으로 보이며, 베이징은 비교적 국지적 이동을 통해 

중국내에서 이차적으로 생성되는 오염원의 영향이 큰 것으로 추정된다.  
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