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In this study, we investigated the atmospheric heavy metal concentrations in the particulate matter inside

the subway stations of Seoul. In particular, we examined the correlation between the heavy metals and

studied the effect of the heavy metals on cell proliferation. In six selected subway stations in Seoul, partic-

ulate matter was captured at the platforms and 11 types of heavy metals were analyzed. The results showed

that the mean concentration of iron was the highest out of the heavy metals in particulate matter, followed

by copper, potassium, calcium, zinc, nickel, sodium, manganese, magnesium, chromium and cadmium in

that order. The correlation analysis showed that the correlations between the heavy metals was highest in

the following order: (Cu vs Zn), (Ca vs Na), (Ca vs Mn), (Ni vs Cr), (Na vs Mn), (Cr vs Cd), (Zn vs Cd),

(Cu vs Cd), (Ni vs Cd), (Cu vs Ni), (K vs Zn), (Cu vs K), (Cu vs Cr), (K vs Cd), (Zn vs Cr), (K vs Ni), (Zn

vs Ni), (K vs Cr), and (Fe vs Cu). The correlation coefficient between zinc and copper was 0.937, indicat-

ing the highest correlation. Copper, zinc, nickel, chromium and cadmium, which are generated from artifi-

cial sources in general, showed correlations with many of the other metals and the correlation coefficients

were also relatively high. The effect of the heavy metals on cell proliferation was also investigated in this

study. Cultured cell was exposed to 10 mg/l or 100 mg/l of iron, copper, calcium, zinc, nickel, manganese,

magnesium, chromium and cadmium for 24 hours. The cell proliferation in all the heavy metal-treated

groups was not inhibited at 10 mg/l of the heavy metal concentration. The only exception to this was with

the cadmium-treated group which showed a strong cell proliferation inhibition. This study provides the

fundamental data for the understanding of simultaneous heavy metal exposure tendency at the time of par-

ticulate matter exposure in subway stations and the identification of heavy metal sources. Moreover, this

study can be used as the fundamental data for the cell toxicity study of the subway-oriented heavy metal-

containing particulate matter.

Key words: Heavy metal, Subway station, Concentration, Correlation, Cell proliferation

INTRODUCTION

Subway stations are one of the most used public facilities

with the greatest number of people (Bruce, 1990; Nero,

1988). The daily average number of passengers of the sub-

ways in Seoul is 2,935,218/day for the numbers 1, 2, 3 and 4

lines (Seoul Metro Transportation Record of the year 2008).

For numbers 5, 6, 7 and 8 lines, there were 1,641,808 pas-

sengers per day (Subway Getting On and Off Data’ in each

station and each month in 2008). This shows that many of

the Seoul citizens use the subway for transportation. As the

duration for staying in the subway station increases, the

potential exposure to the risky environment including the

hazardous heavy metal-containing particulate matters in the

atmosphere also increases.

In Korea, the Underground Air Quality Control Act regu-

lated the indoor air quality in subway stations and under-

ground locations larger than 2000 m2 before 2003. This Act

recognized the risk of heavy metal contamination and efforts

to reduce the risk. The Act was integrated to the Indoor Air

Quality Control in Public Use Facilities Act in May, 2003

and adopted and enforced as the law of the Ministry of

Environment. 10 items are regulated by the Indoor Air Qual-

ity Control Act with the maintenance standards and recom-

mendation standards. The indoor air quality maintenance

standards are for PM10, CO2, HCHO, total bio-aerosol and

CO. The indoor air quality recommendation standards are

for NO2, Radon, Volatile organic compounds, asbestos and

ozone. Only one item, PM10, is regulated with respect to

particulate matter standard by the Indoor Air Quality Con-
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trol Act. However, the PM10 standard is too inclusive and

limited for the heavy metal control in closed public use

facilities such as subway stations, since heavy metals are

often scattered as they are contained in particulate matter.

Few relevant studies on subway environment have been

performed in recent times to evaluate such limitation. In

fact, domestic studies regarding the evaluation of subway

atmospheric heavy metals were continuously reported from

1996 to 2003. But recent research publication on domestic

studies is insufficient.

Heavy metals are easily absorbed in the suspended partic-

ulate matter which has a small size and thus has a large sur-

face area. The particulate matter of which diameter is less

than 10 µm (PM-10) are respirable particles that increase

the pollutant penetration rate into the lungs when inhaled

into the human body (Lebowitz, 1996; Part, 2004; Pope,

1991). As the heavy metal content increases in the sus-

pended particulate matter in indoor air, the accumulation

rate of heavy metal in the body also increases as well as the

hazard. For example, it has been reported that the respira-

ble particulate matter whose aerodynamic diameter is less

than 10 µm and that contains heavy metals can affect the

eyes and nasal mucosa and cause respiratory diseases (Leb-

owitz, 1996; Pope, 1991).

At present, the risk assessment of subway-oriented heavy

metal particulate matter to the living body has been con-

ducted mainly by in vitro human lung cell experiments. It

has been reported that such heavy metal particulate matters

cause oxidative stress, DNA damage and inflammatory reac-

tion (Karlsson et al., 2005, 2006; Seaton et al., 2005). Stud-

ies on the risk of subway heavy metal particulate matter to

the living body are very much limited at present since it is

not easy to apply a living body model to the risk of subway-

oriented heavy metal particulate matter. Although efforts

have been taken to improve the indoor air quality in subway

stations, recent fundamental data regarding domestic subway

heavy metal particulate matter are lacking. In this study, to

obtain the fundamental data for the risk assessment of the

subway heavy metal particulate matter to the living body,

the heavy metal concentrations in the atmospheric particu-

late matter in the six subway stations in Seoul were investi-

gated and the correlations between the measured heavy

metals were analyzed. The effect of the heavy metals on

cell proliferation was also investigated.

MATERIALS AND METHODS

Sampling method. Six subway stations in Seoul were

chosen and the heavy metals in the atmospheric particulate

matter were captured 3 to 5 times in each subway station

platform during day time in 2007. The Leland Legacy Sam-

ple Pump (SKC Gulf Coast Inc., USA) was used to capture

the heavy metals in the subway station platform atmo-

spheric particulate matter on the filters. The MCC Filter

was inserted at the front side of the pump and the air was

collected to capture heavy metals at the flow rate of 10 l/

min for 30 minutes at the 1.5 m level. The flow rates were

measured five times before and after the sampling and cali-

brated. The filters were kept in an auto desiccator until the

mass became constant and they were weighed accurately in

a 0.1 mg unit with a scale for analytical purpose. After the

sampling, the filters were dried in a desiccator, measured,

weighed, and stored in the desiccator again until the analysis.

Analysis method. To analyze the captured heavy met-

als, the filter was pretreated with microwaves. The filters

were put into a Teflon vessel to which 70% nitric acid 5 ml

and distilled deionized water (DDW) 5 ml were added. After

closing the top, the samples were decomposed with the

microwave digestion system (Ethos, Millestone). For the

decomposition, the temperature was increased to 170oC for

15 minutes in the first step and the temperature was main-

tained at 170oC for 15 minutes in the second step. In the

third step, the vessel was cooled down to room temperature

for 120 minutes. The pretreated samples were diluted with

DDW. The heavy metals analysis was carried out with an

induced coupled plasma-mass spectrometer. In this study,

the following 11 types of heavy metals were analyzed and

quantified: iron (Fe), copper (Cu), potassium (K), calcium

(Ca), zinc (Zn), nickel (Ni), sodium (Na), manganese (Mn),

magnesium (Mg), chromium (Cr) and cadmium (Cd). In

addition, the correlations between the heavy metals in the

atmospheric particulate matter were analyzed using the Pear-

son Product Moment correlation coefficients.

Materials. Fetal Bovine Serum was purchased from

GibcoBRL and MEM cell culture medium from Cambrex.

Other reagents were purchased from Sigma.

Cell culture. The HepG2 cells used in the experiment

were cultured at 5% CO2 and 37
oC in the MEM medium

containing 10% fetal calf serum, 100 units/ml penicillin,

100 µg/ml streptomycin and 2 mM glutamine. The heavy

metals (HPS, Canada) were treated for 24 hours at the con-

centration of 10 mg/l or 100 mg/l to the cultured cells and

the cell proliferation was measured after the treatment.

Cell proliferation assay. The cell proliferation rate was

measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-

razolium bromide (Hansen, 1989). Approximately 20,000

cells were cultured in 24-well plate for 24 hours and the

heavy metals were treated to the cells. 3-(4,5-dimethylthia-

zol-2-yl)-2,5-diphenyltetrazoliumbromide was added to 0.5%

and the cell culture continued for 1 hour at 37oC. After

removing the medium, dimethyl sulphoxide was added to

each well to dissolve the generated blue formazan and the

absorbance was measure at 570 nm to use the result as the

cell proliferation indicator.
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Statistical analysis of data. The experimental data were

analyzed using Student’s t-test. The difference between

groups was regarded as significant when the P value was

less than 0.05 and marked with “*”. The correlations

between the heavy metals in the atmospheric particulate

matter were analyzed using Pearson Product Moment corre-

lation coefficients.

RESULTS

Concentrations of air heavy metals in subway station.
In six selected subway stations in Seoul, particulate matter

was captured at the platforms and 11 types of heavy metals

were analyzed. The results showed that the mean concentra-

tion of iron was the highest (average 8.727 µg/m3) out of

the heavy metals in particulate matter, followed by copper

(average 2.468 µg/m3), potassium (average 1.835 µg/m3),

calcium (average 1.045 µg/m3), zinc (average 0.584 µg/m3),

nickel (average 0.379 µg/m3), sodium (average 0.349 µg/m3),

manganese (average 0.149 µg/m3), magnesium (average

0.049 µg/m3), chromium (average 0.032 µg/m3) and cad-

mium (average 0.008 µg/m3) in that order (Fig. 1). The iron

concentration was highest among the heavy metals in the

particulate matter in all the subway station platforms. In

most of the subway station platform particulate matter, the

concentrations of copper, potassium and calcium were high-

est after iron. Zinc, nickel, sodium and manganese formed

the next concentration group.

In this study, iron showed the highest average concentra-

tion 8.73 µg/m3 in the subway station atmosphere. Seaton

(2001) also reported that iron oxide content was the highest

at 64~71% followed by chromium, manganese and copper

in order from the particulate matter measurement results.

Kang et al. (2008) also reported similar results from the

analysis of the subway station atmosphere in Seoul. Sev-

eral previous studies reported that the weight concentration

of Fe-containing particles is the highest among the particles

found in subway stations (Seaton et al., 2005; Kang et al.,

2008). When compared with our results, the iron, manga-

nese and chromium concentrations were higher in the sub-

way stations of New York (Chillrud et al., 2004). In this

study, the average iron concentration was 8.73 µg/m3, lower

than the heavy metal analysis results in most of the other

domestic and international studies (Chillrud et al., 2004;

Furuya et al., 2001; Jeon et al., 1996).

The high concentration of iron is assumed to be the result

of iron abrasion by the friction between the wheel and rail,

brake abrasion, and the abrasion of power cable (Adams,

2001; Johansson and Johansson, 2003; Kweon and Son,

1985; Sitzmann et al., 1999). It has also been reported that

iron in the atmosphere easily crumbles by oxidation and

generates particulate matter (Jeong et al., 1987). While the

iron-containing particles are generated indoors at the rail-

wheel-brake interfaces, other particles can flow in from the

outdoor urban atmosphere. Ca (NO3, SO4), (Na, Mg)-

(NO3, SO4) were also found in 1.8~8.0% range in the study

of Kang et al. (2008). The significant quantity of calcium,

sodium and magnesium was also measured in our study.

The average copper concentration level was 2.47 µg/m3

which was similar to the results of Jeon et al. (1996), 2.92

µg/m3, and Kim et al. (1998), 1.72 ± 0.81 µg/m3. Our results

were slightly higher than results from other countries. It is

assumed that the high concentration of copper is due to the

copper lines for power transmission as they serve as the

major sources (Harrison et al., 1981; Hopke et al., 1980).

Almost no study has been reported regarding potassium

levels in Korea, but many studies have been reported from

foreign countries (Adams, 2001; Furuya et al., 2001).

Although calcium has not been measured in other papers,

Park (2004) reported that the calcium concentration level

was 2.96 ± 8.93 µg/m3, an average which was similar to our

result. In the cases of foreign countries, calcium concentra-

tion has been investigated a lot and the calcium concentra-

tion in our result is in the similar range (Furuya et al., 2001;

Gomez-Perales et al., 2005; Salma et al., 2007). The major

source of calcium is in the construction materials such as

cement. It was known that the particles containing iron and

calcium are generated by the friction between the brake

block composed of CaCO3 and the train wheels (Sitzmann

et al., 1999).

Zinc has not been measured frequently in domestic stud-

ies, but the zinc concentration was 0.81 ± 0.94 µg/m3 in the

study of Park (2004) which was not very different from our

result. In many studies of foreign countries, zinc was mea-

sured and the results are similar to our result (Adams, 2001;

Gomez-Perales et al., 2005; Furuya et al., 2001).

Nickel concentration in subway stations has not been

measured frequently in domestic studies. The nickel con-

centration measured in Moon and Lee (1999) was 1.51 ±

0.23 µg/m3 and 0.20 ± 0.66 µg/m3 in Park (2004) which are

similar to our result. The nickel concentration was meas-

ured in many studies of foreign countries. For example, the

nickel concentration was 0.70 µg/m3 in Tokyo (Furuya et

al., 2001) and 0.11 µg/m3 in Prague (Sysalova and Szak-

ova, 2006), similar to our result.

Fig. 1. Mean concentration of air heavy metals in each sub-
way station.



160 C.-H. Kim et al.

Sodium has not been studied much in Korea or in other

countries. The result in Tokyo (Furuya et al., 2001) was

0.50 µg/m3 average, which was also similar to our result.

The results from Helsinki (Aarnio et al., 2005) showed

that the iron concentration was the highest among the par-

ticulate matter and manganese, copper, chromium and nickel

also existed at lower concentrations than that of iron. The

manganese concentration was lower than the iron concen-

tration also in our study. The average manganese concentra-

tion in this study was 0.15 µg/m3, a little lower than the

result of Park (2004), 0.61 ± 2.09 µg/m3. Manganese has

been actively studied in foreign countries and the results in

our study were lower than the results from London (Adams,

2001), 1.67 µg/m3, and Prague (Sysalova and Szakova,

2006), 1.42 µg/m3. But they were similar to the results from

New York (Chillrud et al., 2004), 0.24 µg/m3, Mexico City

(Gomez-Perales, 2005), 0.07 µg/m3, and Budapest (Salma et

al., 2007), 0.31 µg/m3. One hypothesis concerning the sources

of manganese may be the increase in the surface automo-

bile traffic density and the other may be the manganese

generated from the friction corrosion of the subway rail

(Boudia et al., 2006).

Magnesium has not been studied much in Korea or in

other countries. Our result, 0.05 µg/m3 in average, was sim-

ilar to the result in the Tokyo subway (Furuya et al., 2001),

0.04 µg/m3.

The chromium concentration in our result was similar to

the results from other domestic studies or lower. The mean

chromium concentration in our result was 0.032 µg/m3, simi-

lar to the result of Kim et al. (1998), 0.057 ± 0.022 µg/m3.

There is a relatively large deviation in the chromium con-

centration between the domestic reports. Chromium has

been actively studied in foreign countries and the result in

our study was similar to the result from London (Adams,

2001), 0.03 µg/m3, New York (Chillrud et al., 2004), 0.08

µg/m3, Tokyo (Furuya et al., 2001), 0.06 µg/m3, and Budap-

est (Salma et al., 2007), 0.04 µg/m3.

The mean cadmium concentration in our result was 0.008

µg/m3 which was similar to the result from the domestic

study of Kim et al. (1998), 0.005 ± 0.004 µg/m3, and the

result in Prague (Sysalova and Szakova, 2006), 0.010 µg/m3.

Correlations of air heavy metals. The correlations

between the 11 heavy metals were analyzed by using the

Pearson Product Moment correlation coefficient (Table 1).

The analysis showed the following correlations between

heavy metals in order of the correlation coefficient: ((Cu vs

Zn), (Ca vs Na), (Ca vs Mn), (Ni vs Cr), (Na vs Mn), (Cr vs

Cd), (Zn vs Cd), (Cu vs Cd), (Ni vs Cd), (Cu vs Ni), (K vs

Zn), (Cu vs K), (Cu vs Cr), (K vs Cd), (Zn vs Cr), (K vs

Ni), (Zn vs Ni), (K vs Cr) and (Fe vs Cu)). The correlation

coefficient between zinc and copper was 0.937, indicating

the highest correlation. Out of the major heavy metals,

chromium and nickel (r = 0.758), cadmium and chromium

(r = 0.722), zinc and cadmium (r = 0.658), copper and cad-

mium (r=0.649) and nickel and cadmium (r = 0.527) showed

relatively high correlations. Copper, zinc, nickel, chromium

and cadmium, which are generated from artificial sources in

general, showed correlations with many of the other metals

and the correlation coefficients were also relatively high.

On the contrary, calcium, sodium, manganese, and magne-

sium, which are usually generated from natural sources,

showed little correlations with other metals and the correla-

tion coefficients were also relatively small. The correlation

coefficients of iron with other heavy metals were relatively

small. The correlation between iron and copper of which

concentrations are highest in most of subway stations were

examined and a significant correlation was found with the P

value of 0.043.

Effects of heavy metals on cell proliferation. In this

study, we also investigated the effect of the heavy metals on

Table 1. Correlation coefficient of heavy metals

Fe Cu K Ca Ba Pb Zn Ni Na Mn Mg Cr Cd

Fe 1 0.262* 0.144* 0.010 0.190 0.094* 0.244* 0.042* 0.004* 0.183* 0.053 0.026* 0.130*

Cu 1 0.453* 0.064 0.114 0.480* 0.937* 0.485* 0.036* 0.179* 0.152 0.424* 0.649*

K 1 0.127 0.078 0.242* 0.462* 0.341* 0.118* 0.133* 0.070 0.274* 0.380*

Ca 1 0.089 0.013* 0.041* 0.026* 0.920* 0.874* 0.027 0.073* 0.089*

Ba 1 0.049* 0.043* 0.071* 0.082* 0.006* 0.021 0.045* 0.012*

Pb 1 0.475* 0.356* 0.083* 0.015* 0.016 0.511* 0.793*

Zn 1 0.333* 0.071* 0.038* 0.178 0.363* 0.658*

Ni 1 0.044* 0.000* 0.027 0.758* 0.527*

Na 1 0.745* 0.020 0.064* 0.016*

Mn 1 0.014 0.390* 0.124*

Mg 1 0.011* 0.023*

Cr 1 0.722*

Cd 1

* means significant correlation, P < 0.05.
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cell proliferation. HepG2 cell was exposed to 10 mg/l or

100 mg/l of iron, copper, calcium, zinc, nickel, manganese,

magnesium, chromium and cadmium for 24 hours and the

effect on the cell proliferation was observed. The cell prolif-

eration of most of the heavy metal-treated groups was strongly

inhibited at 100 mg/l of the heavy metal concentration

(Table 2). The cell proliferation in all the heavy metal-

treated groups was not inhibited at 10 mg/l of the heavy

metal concentration, except the cadmium-treated group which

showed a strong cell proliferation inhibition. This showed

that cadmium has the potential to cause higher cell toxicity

than other heavy metals, though a small amount of it exists

in the subway stations.

DISCUSSION

According to the results of this study, the concentrations

of iron and copper were relatively high in the subway sta-

tion platforms. This is presumably the result of the defect

generation by the friction between the rail and the trains and

the friction between the copper lines for power transmis-

sion and the trains. When compared with the results from

other countries, it was similar that the iron concentration

was the highest, but the manganese and chromium concen-

trations were lower in this study. The causes for such differ-

ences may be the difference in the wheel and rail brake

block materials, traffic density and passenger activity. One

report mentioned that the particulate matter exposure of the

subway passengers is higher than that of the taxi drivers

(Pfeifer et al., 1996). Chillrud (2004) analyzed the causes of

heavy metal exposure by the students for 24 hours and

reported that the exposure through the subway is the most

in the exposure to heavy metals.

The results of our study showed strong correlations

between a few major heavy metals in the subway station

atmospheric particulate matter. The highest correlation among

the major heavy metals was found between zinc and cop-

per, which is presumably due to the use of copper-zinc alloy

for electric devices (Shin et al., 2005). It can be expected

that exposure to heavy metals in subway stations is usually

simultaneous with exposure to various types of heavy met-

als rather than exposure to a single kind of heavy metal.

Since the major heavy metals had high correlations between

their concentrations, it is probable that at least some heavy

metals may be from the same pollution sources such as sub-

way materials, subway passengers, and floor. Further studies

need to be continued regarding the sources of the atmo-

spheric heavy metal particulate matter. In the future, the cell

toxicity of simultaneous exposure to the heavy metals with

high correlations should be investigated for the risk assess-

ment of subway atmospheric particulate matter heavy metals.

At present, the risk assessment of subway-oriented heavy

metal particulate matter to the living body is conducted mainly

by in vitro human cell experiments. It has been reported that

heavy metal particulate matter cause oxidative stress, DNA

damage and inflammatory reaction (Karlsson et al., 2005,

2006; Seaton et al., 2005). The genotoxicity of the subway

particles was comparable to that of welding fume particles

to alveoloar epithelium cell (Seaton et al., 2005). Karlsson

et al. (2005) report showed that the subway particles were

more genotoxic to cultured human lung cell than urban

street particles. In the results of our study, cadmium showed

the highest cell proliferation inhibition. This showed that

cadmium has the potential to cause higher cell toxicity than

other heavy metals, though relatively small amount of it

exists in the subway stations. Particular attention should be

paid to cadmium concentration in the control of the subway

atmospheric heavy metals in the future.

Since the exposure in subway stations is usually long-

term low-concentration exposure, measures should be taken

to minimize the risk of the low-concentration exposure by

long-term passengers. While the air pollution in under-

ground space is actively studied in foreign countries, rela-

tively small numbers of researchers in Korea carry out the

study on the heavy metals in relation to the indoor air pollu-

tion. The investigation of indoor pollutant concentration in

subway stations is especially limited. As the number of sub-

way passengers has increased recently, it is expected that

the chronic exposure to the polluted indoor air in subway

stations might cause a biohazard. Therefore, the research

regarding indoor air pollution should be carried out continu-

ously. At present, the risk of subway particulate matter to

the living body has not been sufficiently studied. This study

provides the fundamental data for the understanding of

simultaneous heavy metal exposure tendency during the

time of particulate matter exposure in subway stations and

the identification of heavy metal sources. Moreover, this

study can be used as the fundamental data for the cell toxic-

ity study of heavy metal-containing particulate matter inside

subway stations.
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