
Accepted Manuscript

Differing toxicity of ambient particulate matter (PM) in global cities

Jing Li, Haoxuan Chen, Xinyue Li, Minfei Wang, Xiangyu Zhang, Junji Cao, Fangxia
Shen, Yan Wu, Siyu Xu, Hanqing Fan, Guillaume Da, Ru-jin Huang, Jing Wang, Chak
K. Chan, Alma Lorelei De Jesus, Lidia Morawska, Maosheng Yao

PII: S1352-2310(19)30353-X

DOI: https://doi.org/10.1016/j.atmosenv.2019.05.048

Reference: AEA 16740

To appear in: Atmospheric Environment

Received Date: 24 October 2018

Revised Date: 23 April 2019

Accepted Date: 18 May 2019

Please cite this article as: Li, J., Chen, H., Li, X., Wang, M., Zhang, X., Cao, J., Shen, F., Wu, Y., Xu, S.,
Fan, H., Da, G., Huang, R.-j., Wang, J., Chan, C.K., De Jesus, A.L., Morawska, L., Yao, M., Differing
toxicity of ambient particulate matter (PM) in global cities, Atmospheric Environment (2019), doi: https://
doi.org/10.1016/j.atmosenv.2019.05.048.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0/

https://doi.org/10.1016/j.atmosenv.2019.05.048
https://doi.org/10.1016/j.atmosenv.2019.05.048
https://doi.org/10.1016/j.atmosenv.2019.05.048


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

1 

 

Differing Toxicity of Ambient Particulate Matter (P M) in 1 

Global Cities 2 

Jing Li1,2, Haoxuan Chen1, Xinyue Li1, Minfei Wang1, Xiangyu Zhang1, Junji Cao3,*, 3 

Fangxia Shen4, Yan Wu5, Siyu Xu6, Hanqing Fan7, Guillaume Da8, Ru-jin Huang3, 4 

Jing Wang9,10, Chak K. Chan11, Alma Lorelei De Jesus12, Lidia Morawska12, and 5 

Maosheng Yao1,* 
6 

 7 

Author affiliations: 8 

1State Key Joint Laboratory of Environmental Simulation and Pollution Control, 9 

College of Environmental Sciences and Engineering, Peking University, Beijing 10 

100871, China  11 

2Linde + Robinson Laboratories, California Institute of Technology, Pasadena, 12 

California 91125, United States 13 

3Key Lab of Aerosol Chemistry & Physics, Institute of Earth Environment, Chinese 14 

Academy of Sciences, Xi'an 710049, China 15 

4School of Space and Environment, Beihang University, Beijing 100191, China 16 

5School of Environmental Science and Engineering, Shandong University, Jinan 17 

250100, China 18 

6Department of Environmental Health Sciences, Graduate School of Public Health, 19 

Seoul National University, Seoul 08826, South Korea 20 

7Department of Earth and Environmental Engineering, Columbia University, New 21 

York, New York 10027, United States 22 

8CERTES, Université Paris-Est Créteil, Centre d’études et de Recherche en 23 

Thermique, Environnement et Systèmes (CERTES), Créteil 94000, France 24 

9Institute of Environmental Engineering, ETH Zurich, Zurich 8093, Switzerland 25 

10Advanced Analytical Technologies, Empa, Dübendorf 8600, Switzerland 26 

11School of Energy and Environment, City University of Hong Kong, Tat Chee 27 

Avenue, Kowloon, Hong Kong, China 28 

12International Laboratory for Air Quality and Health, Queensland University of 29 

Technology, GPO Box 2434, Brisbane, QLD 4001, Australia 30 

 31 

To be submitted to  32 

Atmospheric Environment 33 

 34 

Corresponding authors 35 

Maosheng Yao, email: Yao@pku.edu.cn, College of Environmental Sciences and 36 

Engineering, Peking University, Beijing 100871, China 37 

Junji Cao, email: cao@loess.llqg.ac.cn, Institute of Earth Environment, Chinese 38 

Academy of Sciences, Xi'an 710049, China 39 

 40 

Beijing, China 41 

May 20, 2019 42 

43 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

2 

 

Abstract 44 

Air quality is often assessed using particulate matter (PM) mass concentration 45 

without considering its toxicity, thus possibly leading to improper control policies or 46 

inadequate health protection. Here, we studied differences in oxidative potentials 47 

(OPs) of PM samples collected using automobile air conditioning (AC) filters from 19 48 

global cities, including influences from microbial contents. Dithiothreitol (DTT) assay 49 

showed remarkable differences in the PM OPs among cities (p-values <= 0.001, 50 

Kruskal-Wallis test). For example, the normalized index of oxidant generation (NIOG) 51 

of PM samples in San Francisco (2.20×10-2, annual average PM10=16 µg/m3) was 52 

found to be twice that in Beijing (1.14×10-2, annual average PM10=135 µg/m3). 53 

Limulus amebocyte lysate (LAL) assay found that PM-borne endotoxin ranged from 54 

12.16 EU/mg (Florianopolis, Brazil) to 2518.23 EU/mg (Chennai, India) among cities. 55 

Besides, culturing method and real-time qPCR revealed significant differences up to 56 

~100-fold in both bacterial and fungal levels among 19 cities. Spearman’s correlation 57 

analysis implied that PM-borne microbes such as bacteria and fungi as well as metals 58 

could strongly influence the PM OP. As an example, our results in Xi’an, China 59 

further suggest that the PM2.5 OP evolves for a particular city over the time, which is 60 

attributable to both the urbanization and air pollution control measures. This work 61 

highlights the importance in optimizing the current air quality control measures by 62 

considering the toxicity factor and its microbial constituents.  63 

 64 

Keywords: PM toxicity, biologicals, oxidative potential, air quality 65 
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Graphical abstract 74 

 75 

 76 

 77 

Highlights 78 

Ambient PM toxicity per unit of mass was shown to vary greatly with different 79 

cities across the world  80 

PM-borne biologicals were shown to exhibit remarkable differences across major 81 

cities, contributing to the difference of PM toxicity 82 

PM toxicity was shown to evolve over the time as a result of ground human 83 

activities as well as air pollution control measures 84 

This work highlights the need of taking into account of PM toxicity for future air 85 

pollution control efforts 86 

 87 

Introduction 88 

Ambient particulate matter (PM) is described as a major contributor to premature 89 

mortality and shortened life expectancy (Lelieveld et al., 2015). Globally, Western 90 

Pacific and Southeast Asia are among the most affected regions, having mortality 91 

rates attributable to air pollution of 80.7 and 48.9 deaths per 100 000 in 2010, 92 

respectively (Lelieveld et al., 2015). As for current air quality assessment, PM mass 93 

concentration is generally used. For example, the 24-hour ambient air quality 94 
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guideline values for PM2.5 from World Health Organization (WHO), United States and 95 

China are 25 µg/m3, 35 µg/m3 , and 75 µg/m3, respectively (U.S. EPA, 2012; 96 

GB3095-2012; WHO, 2005). An increase of 10 µg/m3 in ambient PM2.5 was shown to 97 

be statistically associated with a 9% increase in mortality risk for non-accidental 98 

causes (Yin et al., 2017). On the other hand, PM compositions were also shown to 99 

influence its toxicity, thus on the PM mass-health relationship (Strak et al., 2012; 100 

Tuomisto et al., 2008). Some other studies also showed that the toxicity of PM was 101 

source-dependent (Lippmann et al., 2013; Mcwhinney et al., 2013). However, current 102 

air quality assessment uses the same PM2.5 mass concentration guideline value 103 

without considering its toxicity difference for all locations. 104 

 105 

It is known that PM compositions such as organic carbon (OC), element carbon 106 

(EC), polycyclic aromatic hydrocarbon (PAHs), and transition metals are strongly 107 

associated with reactive oxygen species (ROS) (a major indicator for oxidative 108 

potential) generation in human cells (Brook et al., 2010; Huang et al., 2013; Li et al., 109 

2003; Samake et al., 2017; Strak et al., 2012). For example, one study revealed that 110 

water-soluble V and Cr from PM2.5 were significantly associated with the increase of 111 

DNA damage measured in blood (Sorensen et al., 2003). The PM oxidative potential 112 

(OP) was also shown to vary greatly among 20 sampling sites in Europe (Künzli et al., 113 

2006). Likewise, it was reported by Weichenthal et al., (2016a,b) that the between-city 114 

differences on PM OP could modify the impact of PM2.5, even at its low levels, on 115 

acute respiratory illnesses and myocardial infarction. Among others, Manzano-León 116 

et al. (2016) showed that there was an additional seasonal impact on the PM 117 

composition, which accordingly influenced its deleterious effects. On the other hand, 118 

it was reported very recently that PM-borne bacteria and fungi, in addition to causing 119 

opportunistic infections, could modify the PM OP by interplaying with its contents 120 

(Samake et al., 2017; Vaïtilingom et al., 2011, 2013). For example, Samake et al. 121 

(2017) confirmed a cumulative effect on OP by fungal spores (Aspergillus fumigatus) 122 

with airborne PM, copper and 1,4-naphthoquinone (1,4-NQ), in contrast to a strong 123 

reductive effect from bacterial cells (Staphylococcus epidermidis). Independent of 124 
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metabolism, inactivated microbes were also shown to exhibit the same OPs as viable 125 

microbes, implying their ROS generation capability (Samake et al., 2017). For 126 

example, endotoxin, as a major constituent of the outer cell membrane of 127 

Gram-negative bacteria, is thought to mediate pro-inflammatory responses, thus 128 

playing a role in various respiratory problems such as asthma, fever, shivering, 129 

arthralgia, cardiovascular diseases, and even a rapid increase in blood pressure when 130 

inhaled (Beutler and Rietschel, 2003; Suffredini et al., 1989; Takano et al., 2002; 131 

Zhong et al., 2015). Therefore, the health effects of PM to some extent, as suggested 132 

above, also depend on their biologicals in addition to metals and organics. Some other 133 

studies have shown that such constitutes of PM varied greatly across different 134 

geographical locations (Bell et al., 2007; Heinrich et al., 2003; Laden et al., 2000; 135 

Mueller-Anneling et al., 2004; Schins et al., 2004). 136 

 137 

Accordingly, it is plausible that current air quality assessment practice could lead 138 

to improper control policies or inadequate health protection. Here, this work was 139 

conducted to address the following questions: 1) Are there any significant differences 140 

in oxidative potential (OP) per unit mass of PM among different world cities? Are 141 

there any evolutions in OP over a longer time period, e.g., 10 years, for a specific city? 142 

What are the possible influencing factors? ; 2) Are there any significant differences in 143 

biological components, e.g. endotoxin, bacteria, fungi, in ambient PM among 144 

different world cities? ; 3) Is the current air quality assessment of using PM mass 145 

concentration adequate or appropriate regardless of locations for protection of public 146 

health from air pollution? The corresponding information is of great help for 147 

optimizing air pollution control and understanding current air quality assessment 148 

practice drawbacks. 149 

 150 

Materials and Methods 151 

Ambient PM sample collection  152 

Global ambient PM sample collection using automobile AC filters: In this 153 

work, we utilized a previously reported automobile air conditioning (AC) filter 154 
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method (Li et al., 2013) to collect ambient particulate matter (PM) samples from 19 155 

cities in 13 countries under 8 different climate zones across the globe. The air samples 156 

used in this work were the same as those in our previous work (Li et al., 2018), but 157 

analyzed for toxicity. Fig. 1 shows a) these locations in the world map and 158 

corresponding climate zones as stated by Li et al., 2018, and b) every city’s annual 159 

average mass concentrations of PM10 and PM2.5 according to the Ambient Air 160 

Pollution Database provided by WHO (2016). As described previously, a total of 174 161 

used AC filters were collected from randomly selected automobiles without 162 

considering specific times or seasons from 2016 to 2017 (Li et al., 2018). Here, 163 

grouping the AC filters based on seasons is difficult since these automobiles are 164 

located under different climatic zones and have different frequencies in replacing the 165 

AC filters. Nonetheless, different replacing frequencies would significantly affect the 166 

total PM mass, but not the PM toxicity per unit of mass for the same season. As the 167 

PM accumulates over time, the AC filters despite different brands should have similar 168 

performance with respect to their filtration efficiencies. For example, at certain point, 169 

the AC filter not just collects large particles, but also smaller ones because all the 170 

“collecting pores” of the filter are filled with particles (not many particles can pass 171 

through). Accordingly, particles of all size were collected onto the AC filter. Acquired 172 

from ClimaTemps (http://www.climatemps.com/), the meteorological conditions 173 

including annual average daily maximum and minimum temperatures, annual average 174 

relative humidity (RH) and annual precipitation in each city are presented in Table S1 175 

(Supporting Information). In this work, the PM samples were obtained by first 176 

shaking them onto a white office paper from the automobile AC filters, then poured 177 

into a 50-mL centrifuge tube (Corning® Premium Quality, Acton, MA, USA), which 178 

were further analyzed for weight using an analytical balance (AL204IC, Mettler 179 

Toledo, Inc., Greifensee, Switzerland). The obtained 50-mL tubes, which contained 180 

the PM samples, were subsequently extracted by pre-calculated volumes of sterile 181 

deionized (DI) water (Milli-Q, Millipore, Billerica, MA, USA) to achieve a PM 182 

concentration of ~1 mg/mL. The PM extraction solutions were subsequently treated 183 

by vigorous vortexing for 15 min at a rate of 2800 rpm and then stored at -20°C until 184 
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further experiments. Here, the PM samples collected from the AC filters contained 185 

both PM2.5 and coarse particles. In this work, we did not perform any solution-based 186 

extraction of PM from the filter, thus the filter material could have had minor 187 

interferences on the PM (If any, it could be diluted by the large volume of PM mass 188 

collected from the filter, e.g., more than 20 mg PM). In terms with the quality control, 189 

the same type of office paper was used along with a new AC filter (purchased in 190 

Beijing, China) to conduct the same procedures described above (although no visible 191 

particles obtained). The obtained 50-mL tube containing the DI water from this 192 

control AC filter was used as a negative control in all of our experiments.  193 

 194 

 195 

Fig. 1 (a) Automobile AC filter collection map (the map was obtained using ArcGIS 196 

10.2 (Esri)) as also used in our previous work (Li et al., 2018); and corresponding 197 

climate zones, wherein n indicates the sample size for each city; and (b) cities’ annual 198 

average mass concentrations of PM10 and PM2.5 from the Ambient Air Pollution 199 

Database provided by WHO (2016).  200 
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 201 

Xi’an’s PM 2.5 samples and pretreatment: To study the evolution of particle 202 

toxicity over the years, PM2.5 samples from Chinese Academy of Sciences’ Institute of 203 

Earth Environment over a 10-year time period in Xi’an were used for analysis in this 204 

work. As described in an earlier study (Li et al., 2018), these samples were collected 205 

over the years at an urban monitoring site which was located on the rooftop (∼ 10 m 206 

above the ground) of the institute building (E 108.887°, N 34.229°), surrounded by a 207 

residential area ∼ 15 km south of downtown Xi’an, Northwest China. A portable 208 

atmospheric particulate matter sampler, MiniVol® Tactical Air Sampler (TAS) 209 

(Airmetrics, Inc., Springfield, Oregon, USA), was used with a sampling flow rate of 5 210 

L/min to collect pre-defined 24-hour PM2.5 samples. The PM2.5 samples were 211 

collected onto quartz filters (47 mm, Whatman QM/A, England), and were further 212 

sterilized by baking at 780 °C for 3 h before use. For weighing the filter, the 213 

gravimetrical method was applied according to the protocol reported in a previous 214 

study (Cao et al., 2005). After the weight analysis, each filter sample was sealed and 215 

stored at -20°C. A total of 72 quartz filter samples, respectively from 6th or 7th and 25th 216 

of each month (January to December) for 2004, 2009 and 2014 as listed in 217 

Supplementary Excel file S1, were selected and analyzed. Prior to all experiments, 218 

PM2.5 samples were extracted, as described in our previous work (Li et al., 2018), 219 

from quartz filter samples by the following procedures: Firstly, each of the filters was 220 

cut into pieces, ranging from 1.4 to 2.8 cm2 in area using a sterile cutter. Each filter 221 

piece was then placed into 2 mL of sterile purified water with 0.05% Tween 20 222 

(Solarbio, Inc., Beijing, China) in a sterile centrifuge tube, then subjected to 20 min of 223 

sonication, followed by a vortex mixing for 40 min at 2800 rpm. PM2.5 extraction 224 

samples were stored at -20°C until subsequent experiments. Due to sampler 225 

malfunction, mass concentration values of PM2.5 samples on July 25th 2004, July 25th 
226 

2009 and November 25th 2009 were not obtained. Here, automobile AC filter samples 227 

from Xi’an city were not obtained at the time of our global sample collection.  228 

 229 

DTT assay procedure for PM toxicity 230 
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The DTT (Dithiothreitol, HSCH2(CH(OH))2CH2SH) assay was used to analyze 231 

the oxidative potential (OP) in global ambient PM and Xi’an’s PM2.5 extraction 232 

samples. Redox-active compounds catalyze the oxygen reduction to superoxide by 233 

DTT, which is then oxidized into disulfide. The remaining thiol was used to react with 234 

5,5’-dithiobis-2-nitrobenzoic acid (DTNB), generating a mixture of disulfide and 235 

5-mercapto-2-nitrobenzoic acid (TNBA). The mixture was further quantified by its 236 

absorption at 412 nm. The solutions used for DTT assay, including the buffer solution, 237 

DTT and DTNB, were prepared according to a previous work by Kramer et al. (2016). 238 

The DTT assay was carried out in a following system: 50 µL of 0.5 mM DTT, 1.0 mL 239 

of buffer solution, 200 µL of 10-fold diluted PM extraction solution (0.1µg/µL) or 50 240 

µL/100 µL of PM2.5 extraction solution or 200 µL of negative control (sterile purified 241 

water with 0.05% Tween-20) or 10, 20, 30, 40, 50 µL of external standard (0.01 µg/µL 242 

1,4-napthaquinone (1,4-NQ)) or blank (1000-fold diluted dimethyl sulfoxide 243 

(DMSO)). After well mixed, all the tubes were incubated at 37°C for 30 min and 244 

shielded from exposure to light. 100 µL of 1.0 mM DTNB was then added to each 245 

reaction solution. The absorbance of TNBA in 200 µL of each stop solutions was 246 

measured at 412 nm using a spectrophotometer (SpectraMax M2, Molecular Devices, 247 

Inc., Sunnyvale, CA, USA). The measured ROS generation potentials were expressed 248 

as the normalized index of oxidant generation (NIOG) according to the method 249 

reported by Li et al. (2009). DTT assays for all PM samples were carried out within 250 

one day after the extraction. Additionally, the volume-normalized oxidative potential 251 

characterized by NIOG per cubic meter (pcbm) of airborne PM (NIOGcpbm, µg 252 

1,4-NQ/m3) for each city including Xi’an was also calculated according to the 253 

following equation: 254 

NIOGpcbm=NIOG × PM10 or PM2.5 mass conc.             (1) 255 

where PM10
 mass concentration (µg/m3) for each city can be found in Fig. 1b. Here, 256 

we use PM10 mass concentration (TSP data are not available for all cities) for 257 

estimating the geographical variations in volume-normalized concentrations among 258 

19 cities. This is reasonable since a significant linear correlation (R = 0.79-0.99, 259 
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p-value < 0.0001) was detected between PM10 and TSP, as supported by a high 260 

PM10/TSP ratio of 0.56-0.92 (Ma et al., 2017). PM2.5 mass concentration (µg/m3) of 261 

each PM2.5 sample from Xi’an is listed in Supplementary Excel file S1. 262 

 263 

Biological contents analysis 264 

Culturable bacteria and fungi analyses: Culturable bacteria and fungi fractions 265 

in global ambient PM samples were analyzed by using lysogeny broth (LB) agar plate 266 

and Sabouraud’s dextrose agar plate (Becton, Dickson and Company, Sparks, MD), 267 

respectively. The culturing conditions for bacteria and fungi were at 30 °C for 3 days 268 

and at 30 °C for 5 days, respectively, in separate incubators. For each sample three 269 

replicates were performed. 270 

 271 

Total bacteria analysis: DNA extraction of 1 mL of global ambient PM 272 

extraction solutions (1 mg/mL) and 200 µL Xi’an’s PM2.5 extraction solutions were 273 

performed according to the manufacture’s guidelines as recommended by the bacterial 274 

genome extraction kit (Tiangen Biotech, Inc., Beijing, China). DNA extracts were 275 

stored at -20°C until the real-time qPCR assay for quantifying the total bacterial cell 276 

concentration of each PM extraction solution using a standard curve. Pure cultures of 277 

Gram-negative Escherichia coli (E.coli, ATCC 15597) purchased from American 278 

Type Culture Collection (ATCC) were used as the DNA standard templates  in our 279 

experiments. The cells of E.coli were obtained by their culturing on Tryptic Soy Agar 280 

(TSA, Becton, Dickson and Company, Sparks, MD) plates at 30 °C for 24 h. When 281 

preparing the pure bacterial solution, 20 mL of autoclaved water was added into the 282 

agar plate and colonies of E.coli were gently scraped from the agar surfaces using an 283 

inoculation loop. The resulting bacterial suspension was washed three times by 284 

pouring them into a 50 mL autoclaved tube and centrifuged at a vortex rate of 7000 285 

rpm (Eppendorf Centrifuge 5804R, Eppendorf, Hamburg, Germany) for 7 min. The 286 

final pellet of bacteria from the last centrifugation was re-suspended in the 20 mL of 287 

autoclaved water. The final achieved concentration of the pure bacterial solution was 288 

around 9.0 × 108 cells/mL (manually counted under the microscope and calculated). 289 
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Then the pure bacterial solution was serially diluted by 10-108 times as respective 290 

standard curve samples. As described above, the DNase/RNase-free ddH2O (Tiangen 291 

Biotech, Inc., Beijing, China) from the tube was used as the negative control in all 292 

PCR tests. 293 

 294 

The previously reported primers and probe are used for universal qPCR assays in 295 

this work: forward primer: 5’-TCCTACGGGAGGCAGCAGT-3’ (Tm=59±4 °C), 296 

reverse primer: 5’-GGACTACCAGGGTATCTAATCCTGTT-3’ (Tm=58±1 °C), probe: 297 

(6-FAM)-5’-CGTATTACCGCGGCTGCTGGCAC-3’-(TAMRA) (Tm=69±9 °C) 298 

(Nadkarni et al., 2002). The qPCR assay was carried out in a 50-µL reaction mixture 299 

containing 5 µL of template DNA, 1 µL of each dNTP (2.5 mM each) (Tiangen 300 

Biotech, Inc., Beijing, China), 5 µL of 10 × PCR buffer (Tiangen Biotech, Inc., 301 

Beijing, China), 0.2 µL of Taq polymerase (2.5 U/µL) (Tiangen Biotech, Inc.), 1 µL of 302 

each primer (10 µM each) (Sangon Biotech, Inc., Shanghai, China), 1 µL of probe (10 303 

µM each) (Sangon Biotech, Inc.) and 40.8 µL of DNase/RNase-free ddH2O (Tiangen 304 

Biotech, Inc.) using a 7300 Real Time PCR System (Applied Biosystems, Inc., Foster 305 

City, CA, USA). Cycling conditions were set as follows: 50 °C for 2 min, followed by 306 

initial denaturation at 95 °C for 10 min, then 40 cycles of 95 °C for 15s, and last 307 

60 °C for 1 min. 308 

 309 

Endotoxin analysis: The quantitation of endotoxin concentration in global 310 

ambient PM samples was performed by the kinetic-turbidimetric Limulus Amebocyte 311 

Lysate (LAL) assay (Associations of Cape Cod, Inc., Falmouth, MA, USA). For 312 

extracting endotoxins from particles, 10-fold diluted (using sterile DI water with 0.05% 313 

Tween 20) PM extraction solutions were subjected to vortexing for 120 min at 300 314 

rpm, and then followed by a 20 min of sonication. Each solution was subsequently 315 

centrifuged for 10 min at 3500 rpm to remove small particles and other fragments that 316 

may interfere with LAL analyses. The supernatants were then transferred into 1.5-mL 317 

centrifuge tubes. Each supernatant was ultimately diluted 30 times using sterile DI 318 

water with 0.05% Tween 20. Endotoxin concentrations in the diluted PM extraction 319 
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solutions were measured according to the manufacturer’s instructions and the 320 

procedure documented in a previous study (Yao et al., 2009). As described above, the 321 

DNase/RNase-free ddH2O (Tiangen Biotech, Inc., Beijing, China) with 0.05% Tween 322 

20 from the tube was used as the negative control in endotoxin tests. Standards, 323 

samples, spikes, and blanks were analyzed using a microplate reader (SpectraMax M2, 324 

Molecular Devices, Inc., Sunnyvale, CA, USA) at a wavelength of 405 nm for 60 min 325 

in the kinetic mode. 326 

 327 

Additionally, the volume-normalized concentrations per cubic meter (Cpcbm) of 328 

air for all the endotoxin were also estimated according to the equation below: 329 

Cpcbm=  
CPM

1000
 × PM10 mass conc.                 (2) 330 

where CPM is endotoxin concentration per unit mass of PM, PM10
 is the annual 331 

average mass concentration (µg/m3) for each city (can be found in Fig. 1b). 332 

 333 

Trace elements analysis for PM2.5 samples 334 

Trace elements, including P, Ca, Ti, V, Cr, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Tl, Pb, 335 

Th, U, Na, Mg, Al, K, Mn, Fe and Ba for Xi’an’s PM2.5 samples were measured in 336 

100-fold diluted (by sterile purified water with 0.05% Tween-20) PM2.5 extraction 337 

solutions using inductively coupled plasma mass spectrometry (ICP-MS, Aurora M90, 338 

Bruker, Inc., Billerica, MA, USA). The ICP-MS was equipped with a two-channel 339 

atomizing chamber with controlled temperature at 3±0.1 °C and a quartz integration 340 

quarter with the central passage size of 2.5 mm in diameter. Before analysis, all 341 

diluted PM2.5 extraction solutions were filtered using nylon membranes (0.22 µm; 342 

Agela Technologies, Inc., Tianjin, China). A blank reagent (sterile purified water with 343 

0.05% Tween-20) as a negative control was prepared in each run following the same 344 

procedure used for the samples. The detailed experiment procedure was followed as 345 

specified in the document of “Methods for Chemical Analysis of Silicate Rocks-Part 346 

30: Determination of 44 Elements” (in Chinese) (GB/T 14506.30-2010). The metal 347 

analysis was not performed for the global city PM samples. 348 
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 349 

Statistical Analysis 350 

In this work, because the data were not Gaussian-distributed, Kruskal-Wallis 351 

one-way analysis of variance (ANOVA) on ranks for multiple and non-parametric 352 

comparisons were used to analyze differences in biological contents and oxidative 353 

potentials among different cities, as well as those between heating seasons and 354 

non-heating seasons for each year in Xi’an. Friedman Test as an alternative of 355 

ANOVA for related samples was applied to analyzing the inter-annual differences in 356 

oxidative potentials, PM2.5 mass concentrations and total bacteria during the whole 357 

year or during heating/non-heating seasons. Pearson’s correlation and Spearman’s 358 

correlation were performed to evaluate the associations between endotoxin/oxidative 359 

potentials with other factors. Friedman Tests were performed using SPSS 16.0 (IBM 360 

Corp. Ltd., NY, USA). Other statistical analyses were conducted using SigmaPlot 361 

12.5 (Systat Software, Inc., Chicago, IL, USA). The results from the negative controls 362 

were shown to be below the analytical detection limits. A p-value of 0.05 indicates a 363 

significant difference. 364 

 365 

Results and Discussion 366 

PM oxidative potential (OP) varied greatly with global cities 367 

Fig. 2 presents (a) mass-normalized PM OPs in NIOG values and (b) calculated 368 

PM OP per cubic meter of air in NIOGpcbm values in different world cities. 369 

Kruskal-Wallis tests showed statistically significant differences in both NIOG and 370 

NIOGpcbm among 19 studied cities (p-value <= 0.001). As shown in Fig. 2a, NIOG 371 

values of PM in Beijing (1.14×10-2), a city that is often frequented by haze problems, 372 

were unexpectedly found to be among the third lowest levels for all 19 cities, only 6% 373 

above Florianopolis (1.08×10-2) of Brazil, and 13% above Tours (1.01×10-2). However, 374 

the PM OP in San Francisco (2.20×10-2) with much lower PM10 mass concentration of 375 

16 µg/m3 (Fig. 1b) was found to have the highest NIOG, about 93% higher than that 376 

of Beijing. Results of rat’s exhaled breath experiment in our recently published work 377 

further confirmed above results of DTT assay (Chen et al., 2018). For example, rats 378 
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from Zurich (City A), Johannesburg (City C) and San Francisco (City D) were found 379 

to produce significantly higher exhaled IL-6 levels than those from rats in the group 380 

Beijing (City B). In addition, the results of blood-borne IL-6 concentration levels 381 

were shown to agree with the results from the DTT assay (Chen et al., 2018).  382 

 383 

Using equation (1), Fig. 2b visually shows the PM OP per cubic meter of air in 384 

NIOGpcbm (µg 1,4-NQ/m3) values estimated for different world cities. It can be clearly 385 

recognized from Fig. 2b that NIOGpcbm was extremely high in Johannesburg, 386 

Shanghai, Guangzhou, Beijing and Bandung; other cities with high levels of 387 

NIOGpcbm included Chennai and Hong Kong; those with medium levels of NIOGpcbm 388 

included Haikou, Seoul, Warsaw, Singapore, Stolberg and Paris; the remaining cities 389 

were found to have lower levels of OP per cubic meter of air. The OP variations 390 

among locations as aforementioned were also reported in other studies (Künzli et al., 391 

2006; Weichenthal et al., 2016a,b). Our results on the other hand suggest that cities 392 

with lower annual PM levels but higher PM OPs could still present health risks to 393 

those elderly, children and people with low immunity.  394 

 395 
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 396 

Fig. 2 (a) Boxplots of mass-normalized oxidative potentials (NIOG values); and (b) 397 

volume-normalized oxidative potential estimates (NIOGpcbm values) across different 398 

world cities. In (a) the upper and lower ends of the box respectively represent 75% 399 

and 25% percentiles; the vertical bars above and below respectively indicate 90th and 400 

10th percentiles, with the upper and lower circles showing the data outside 90th and 401 

10th percentiles; the lines inside the box are for mean (bold ones) and median values. 402 

p-value is the statistical result of Kruskal-Wallis Test. The toxicity values for cities 403 

marked with “*“ in the figure were used to evaluate an online PM toxicity analysis 404 

method in another work(Chen et al., 2018). 405 

 406 

Our results on OP per unit mass of PM (NIOG) here might be partially explained 407 

by variations in its PM organic and inorganic components and source among different 408 

cities. For example, the relative mass percentages of PM2.5-borne components that 409 

have strong associations with ROS generation such as OC, EC, NO-3, transition metals 410 

(Cu, Ni, Zn and Fe) in San Jose (close to San Francisco), California were reported as 411 
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34.7%, 6.7%, 19.2%, 0.04%, 0.05%, 0.06% and 0.81%, respectively (Wang and 412 

Hopke, 2013). However, those of OC, EC and NO-3 in PM2.5 in Beijing were much 413 

lower compared to San Jose, respectively, 12.5%, 3.7% and 8.4% (Zhang et al., 2013). 414 

Similarly, the relative mass percentages of OC, EC and NO-3 in PM10 in Seoul were 415 

also at the low levels, respectively 15.3%, 4.5% and 12.1% (Yi and Hwang, 2014). 416 

The results from positive matrix factorization (PMF) showed that the contributions 417 

from vehicles, combustion and secondary reactions together accounted for more 418 

ambient PM2.5/PM10 in San Jose (81.8%) in comparison with Beijing (56%) and Seoul 419 

(48.1%). In contrast, fugitive dusts, generally believed to be less toxic, were reported 420 

to contribute more to PM10 in Seoul (34.9%) and to PM2.5 in Beijing (16%) than to 421 

PM2.5 in San Jose (5.1%) (Wang and Hopke, 2013; Yi and Hwang, 2014; Zhang et al., 422 

2013). It was reported that in Beijing dust sources could contribute as much as 31-40% 423 

to PM10 during Asian dust storm (Liu et al., 2014a). Previous studies reported 424 

different results on source apportionment of ambient PM using different models or 425 

sampling in different seasons. For example, it was investigated using chemical mass 426 

balance (CMB) that in wintertime only the wood combustion contributed over 45% 427 

and as high as 81%, to ambient PM in San Jose, Sacramento and Modesto that are 428 

close to San Francisco (Chow et al., 1995; Kleeman et al., 2009). Vehicular emissions, 429 

incomplete combustion and secondary reactions were described to contribute larger 430 

fractions to the total generation of ROS than other sources (Charrier et al., 2015; 431 

Chung et al., 2006; Fang et al., 2015; Liu et al., 2014b; Verma et al., 2015). In 432 

addition to particle composition, a recent work showed that air samples collected into 433 

13 different size ranges (10 nm to 18 µm) for Beijing and Zürich had remarkably 434 

different size distributions and size-specific toxicity (Yue et al., 2018). This could be 435 

also true for the cities investigated here that particles collected from different cities, 436 

e.g., Beijing and Zürich, could have different size distributions, thus influencing its 437 

toxicity. Thus, it is not surprising that ambient PM samples from some cities (such as 438 

San Francisco) with low annual average PM concentration (usually termed as good air 439 

quality) were found to exhibit higher toxicity per unit of PM mass. 440 

 441 
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PM-borne endotoxin and associated microbes differed significantly among global 442 

cities 443 

To study its influence on PM toxicity, PM-borne endotoxin levels among different 444 

world cities were analyzed and shown in Fig. 3. Kruskal-Wallis tests revealed 445 

statistically significant differences (p-values <= 0.001) in both mass-normalized and 446 

volume-normalized endotoxin levels among 19 different cities (no comparisons were 447 

made for any two cities here). As observed from Fig. 3a, mean values of endotoxin 448 

fractions in PM for different cities were found to vary significantly by two orders of 449 

magnitude from 12.16 ± 7.74 EU/mg (mean value ± standard deviation, hereinafter) 450 

in Florianopolis, Brazil to 2518.23 ± 5229.89 EU/mg in Chennai, India. The same as 451 

Chennai, PM in Seoul (1117.3 ± 1864. 48 EU/mg), Chinese mainland cities, i.e., 452 

Beijing (396.48 ± 269.83 EU/mg), Shanghai (580.50 ± 73.40 EU/mg), Guangzhou 453 

(148.80 ± 151.32 EU/mg) and Haikou (846.77 ± 692.04 EU/mg), Johannesburg 454 

(178.22 ± 187.90 EU/mg) and Warsaw (184.37 ± 130.89 EU/mg) also contained high 455 

levels of endotoxin. Stolberg, Germany was detected to exhibit a relatively high level 456 

of PM-borne endotoxin fraction of 646.41 ± 912.99 EU/mg, while other West 457 

European cities were in general found to have lower levels of mean value around 50 458 

EU/mg PM. Other cities located in Southeast Asia, America and Australia exhibited 459 

low levels of PM-borne average endotoxin, less than 100 EU/mg as shown in Fig. 3a. 460 

The endotoxin fractions in PM partly agree with previous studies in term of its 461 

magnitude. The ambient endotoxin in San Francisco (30.21 EU/mg) in this study were 462 

relatively comparable to the PM10-associated endotoxin level in Southern California 463 

(13.6 EU/mg) (Mueller-Anneling et al., 2004). The ambient endotoxin in Beijing 464 

(396.48 EU/mg) in this study, however, was much higher than the PM2.5-borne 465 

endotoxin in Beijing (10.25 EU/mg) reported by Guan et al. (2014). The differences 466 

could partially result from different sampling methods, thus collecting different size 467 

PM samples. For example, studies showed that airborne endotoxin was detected 468 

mainly in PM2.5-10 fraction (Heinrich et al., 2003; Schins et al., 2004; Tager et al., 469 

2010). Nonetheless, these data suggest that same mass of PM from different cities 470 

contained different amounts of endotoxin. In addition to mass-normalized endotoxin, 471 
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Fig. 3b visually presents the air volume-normalized endotoxin concentrations 472 

estimated using equation (2) for each of studied cities by considering their annual 473 

average PM10 levels (grouped into five levels as shown in the legend using Jenks 474 

Natural Breaks in ArcGIS 10.2). It can be clearly recognized from Fig. 3b that 475 

airborne endotoxin concentration level (EU/m3) was extremely high in Chennai; other 476 

high levels of airborne endotoxin appeared with Seoul, Shanghai, Beijing and Haikou; 477 

cities with medium levels included Stolberg, Johannesburg, Guangzhou and Warsaw; 478 

the remaining cities were found to have relatively lower levels of airborne endotoxin. 479 

Our results here implied that people from different cities as studied here could likely 480 

have significantly different endotoxin inhalation exposure due to various factors, such 481 

as such as PM mass concentration.  482 

 483 

 484 

Fig. 3 (a) Boxplots of endotoxin fractions in PM (TSP); and (b) airborne endotoxin 485 

concentration estimates from dust-borne shown in (a) across different world cities 486 
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(EU/m3). In (a), the upper and lower ends of the box respectively represent 75% and 487 

25% percentiles; the vertical bars above and below respectively indicate 90th and 10th 488 

percentiles, with the upper and lower circles showing the data outside 90th and 10th 489 

percentiles; the lines inside the box are for mean (bold ones) and median values. 490 

p-value is the statistical result of Kruskal-Wallis Test.  491 

 492 

To further study endotoxin-related biologicals, we analyzed bacterial contents in 493 

the PM samples. Fig. 4 presents (a) results of bacteria (both total and culturable) along 494 

with fungi fractions in PM collected from studied cities, and (b) correlations of the 495 

ratio of culturable bacteria to fungi (B/F ratio) with annual average minimum and 496 

maximum temperatures. Kruskal-Wallis tests showed statistically significant 497 

differences in all studied contents (i.e., total bacteria, culturable bacteria and 498 

culturable fungi) among different world cities with p-values of <=0.001. As observed 499 

from Fig. 4a, total bacteria (1.01×104-6.81×105 cells/mg), culturable bacteria 500 

(2.73×102-1.45×104 CFU/mg) and fungal (1.48-421.48 CFU/mg) were shown to vary 501 

significantly up to 100-fold among different cities, which thus could strongly 502 

influence the PM toxicity. In our recent work, it was shown that PM samples collected 503 

from global cities also had significant bacterial community structures (Li et al., 2018; 504 

https://www.ncbi.nlm.nih.gov/sra/PRJNA525745), further contributing to different 505 

toxicity of PM observed. 506 

 507 
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 508 

Fig. 4 (a) Average concentrations with standard deviations of total bacteria, culturable 509 

bacteria and culturable fungi in PM across 19 world cities; wherein standard 510 

deviations (error bars) were calculated from results of independent AC filter samples 511 

from each city as shown in Fig. 1; and (b) the correlation of the ratio of culturable 512 

bacteria to fungi (B/F ratio) with annual average daily minimum and maximum 513 

temperatures.  514 

 515 

To explore the associations between PM-borne endotoxin fraction and different 516 

microbial fractions, we here performed Spearman’s correlation analyses as shown in 517 

Table S2. Endotoxin was observed to be significantly associated with total bacteria (ρ 518 

= 0.489, p-value = 0.033) rather than culturable bacteria (ρ = 0.172, p-value = 0.475), 519 

because release of endotoxin molecule follows not only the growth of gram-negative 520 

bacteria but also mostly their cell lysis (Beutler and Rietschel, 2003; Liebers et al., 521 

2008). On the other hand, endotoxin was shown to be positively associated both PM2.5 522 

(ρ = 0.560, p-value = 0.013) and PM10 (ρ = 0.459, p-value = 0.047) mass 523 
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concentration as shown in Table S2. All above results reflected that different bacterial 524 

contents per unit of PM mass as shown in Fig.4a and different PM2.5 and PM10 mass 525 

concentration levels as presented in Fig. 1b could lead to different levels of PM-borne 526 

endotoxin for different cities. 527 

 528 

The associations of B/F ratio with the meteorological factors are additionally 529 

listed in Table S1, including temperature (Fig. 4b), relative humidity and precipitation 530 

(Fig. S1). The results revealed only a significant, negative correlation between B/F 531 

ratio and daily minimum temperature (ρ = -0.602, p-value = 0.006) as well as daily 532 

maximum temperature (ρ = -0.563, p-value = 0.012) in this work. Our results 533 

suggested that temperature changes (minimum and maximum) affect bacteria and 534 

fungi differently, i.e., the inhibition effect for bacterial growth, in contrast to a 535 

promotion effect for fungal growth; which are consistent with some previous studies 
536 

(Jones and Harrison, 2004; Lighthart and Shaffer, 1995). Our results here indicated 537 

that different meteorological conditions in different cities would influence the 538 

microbial compositions (bacteria and fungi) of PM including the endotoxin fraction, 539 

and thus the PM OP according to a recent work by Samake et al. (2017). Accordingly, 540 

sole use of PM mass concentration levels without considering PM-borne microbial 541 

contents might not be adequate for assessing the health impacts of ambient PM. 542 

 543 

We additionally performed the Spearman’s correlation analysis of PM OP here 544 

between biological fractions and PM2.5 and PM10 mass concentrations. The results 545 

only showed a significantly negative association between NIOG and culturable fungi 546 

fraction in PM as shown in Table S3 (ρ = -0.481, p-value = 0.037). A number of recent 547 

studies has showed that PM-borne microorganisms in the atmosphere could modify 548 

the ambient OP through the biodegradation of H2O2 oxidants (Vaïtilingom et al., 2011, 549 

2013). However, the specific oxidative reactivity of bioaerosols was reported to vary 550 

with the specific genera or species of microorganisms (Samake et al., 2017). Previous 551 

studies also demonstrated that endotoxin molecules could promote ROS generation 552 

both alone and in interaction with other species in PM (Di et al., 2011; Hsu and Wen, 553 
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2002; Simon and Fernandez, 2009; Takano et al., 2002). Here, the relationship 554 

between endotoxin and NIOG, shown to be statistically insignificantly correlated (ρ = 555 

0.009, p-value = 0.968), might be possibly modified as discussed above by the 556 

different microbial community compositions reported for different cities in our 557 

recently published work (Li et al., 2018). The PM OP was also found to have no 558 

significant correlation with either PM2.5 or PM10 mass concentration, which agreed 559 

with the findings in a previous study in Europe (Künzli et al., 2006). Overall, the OP 560 

of PM could be affected greatly by their chemical and biological compositions, 561 

however much work is needed to further elucidate the relevant influencing 562 

mechanisms. 563 

 564 

PM2.5 oxidative potential evolved significantly over a past decade in Xi’an, China 565 

In the past years, benefiting from various control measures several major Chinese 566 

cities such as Beijing and Xi’an were observed to have declines in annual PM2.5 mass 567 

concentration levels (Han et al., 2009; Huang et al., 2015; Wu et al., 2011; Zhang et 568 

al., 2013). In this work, as an example, we studied changes in OP for ambient PM2.5 in 569 

2004, 2009 and 2014 (a 10-year time period) in Xi’an, China. Fig. 5a respectively 570 

presents box plots of mass-normalized PM2.5 OP in NIOG values, PM2.5 mass 571 

concentrations, and estimated volume-normalized air OP in NIOGpcbm values during 572 

heating seasons and non-heating seasons of 2004, 2009 and 2014. The complete time 573 

series of daily PM2.5 mass concentration observed in this work are shown in Fig. S2. 574 

Table 1 shows the statistical results on NIOG, PM2.5 mass concentration, NIOGpcbm 575 

for 2004, 2009 and 2014 respectively in heating seasons and non-heating seasons. For 576 

heating seasons, Friedman Test shows that NIOG values among 2004, 2009, and 2014 577 

differed significantly (p-value = 0.021) as observed in Table 1 with the order of: 2014 > 578 

2009 > 2004. These data imply that PM2.5 OP had increased over the past decade 579 

during heating seasons. In contrast, for non-heating seasons, PM2.5 OP seemed to 580 

follow a similar pattern with the PM2.5 mass concentration, i.e., it first slightly 581 

increased from 2004 to 2009, and then significantly decreased starting from 2009 582 

when significant control measures have been implemented. For example, according to 583 
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Xi’an Environmental Protection Bureau, the “Xi’an City motor vehicle emission 584 

prevention and control regulations” had come into force upon September 1st, 2009. 585 

The regulations clearly defined the prevention and control, the determination and 586 

treatment and the related legal liabilities. Xi’an successively implemented the Tier III 587 

of China vehicle emission standard and the Tier IV of China vehicle emission 588 

standard from August 1st, 2008 and June 1st, 2012 (Xi’an Environmental Protection 589 

Bureau). Surprisingly, Kruskal-Wallis Test suggested that the NIOG values in 590 

non-heating seasons were significantly higher than those in heating seasons during 591 

2004 (p-value = 0.010) and 2009 (p-value = 0.048); and then the two seemed to be 592 

fairly equal (a turning point for PM2.5 OP) in 2014 (p-value = 0.903). This 593 

phenomenon could be due to higher fraction of PM2.5 from non-biogenic sources 594 

during the non-heating seasons for 2004 and 2009 as discussed above. As observed 595 

from Fig. 5a, PM2.5 mass concentrations in heating seasons were generally higher than 596 

those in non-heating seasons all the time. Supposedly, the PM toxicity change from 597 

2009 to 2014 during non-heating season were due to changes in PM2.5 compositions, 598 

e.g., fewer emissions from industry and other non-biogenic emissions due to strict 599 

prevention and control policies implemented for the year of 2014. The results of 600 

NIOGpcbm shown in Fig. 5a imply that the overall PM2.5 OP per cubic meter of air 601 

during the heating seasons in 2014 was shown to be 2.44 times that in 2004. For 602 

heating seasons, the PM2.5 OP per unit volume of air (NIOGpcbm) increased rapidly 603 

(roughly by 2.42 times) from 2004 to 2009, and then decreased by 40% from 2009 to 604 

2014 due to strict control implementation. In contrast, for the non-heating seasons, the 605 

mean NIOGpcbm value in 2014 was about 1.81 times lower than that in 2004, although 606 

there was a slight increase (about 5.79%) from 2004 to 2009. These data show that the 607 

air pollution control practices have been taking effects at least during the non-heating 608 

seasons over the past decade in Xi’an, and heating significantly affects air toxicity. 609 

 610 
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 611 

Fig. 5 (a) Boxplots of NIOG values, PM2.5 mass concentrations and NIOGpcbm values 612 

in heating seasons (from 25th November to 6th or 7th March) and non-heating seasons 613 

(from 25th March to 6th or 7th November), and (b) average fractions with standard 614 

deviations in form of error bars of PM2.5-borne trace elements in summer and winter 615 

during 2004, 2009 and 2014. In (a) upper and lower ends of the box represent 75% 616 

and 25% percentiles, respectively; the circle and line indicate geometric mean and 617 

median values, with the vertical bars showing the 90th and 10th percentiles, 618 

respectively.  619 

 620 

Table 1 The Friedman Tests of NIOG, PM2.5 mass concentration, NIOGpcbm among 621 

2004, 2009 and 2014 in heating seasons and non-heating seasons separately, and 622 

Kruskal-Wallis Tests of those between heating seasons and non-heating seasons in 623 

2004, 2009 and 2014, respectively.  624 

p-value 

Friedman Tests among 2004, 
2009 and 2014 

 
Kruskal-Wallis Tests between 

heating and non-heating seasons 
Heating 
seasons  

Non-heating 
seasons 

 04 09 14 

NIOG 0.021* 0.135  0.01* 0.048* 0.903 

PM2.5 mass 

conc. (µg/m3) 
0.607 0.046*  0.121 0.02* 0.132 

NIOGpcbm  

(µg 1,4-NQ/m3) 
0.021* 0.019*  0.023* 0.404 0.302 

*p-value < 0.05. 625 
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 626 

These results shown above are largely attributed to the adopted changes for the 627 

energy consumption and permanent population in Xi’an as shown in Supplementary 628 

Excel file S2 obtained from Xi’an Statistical Yearbooks (2005-2015). The permanent 629 

population and the raw coal consumption mostly used in heating seasons had 630 

respectively increased by 16% and 52% from 2004 to 2009, and then continued to 631 

increase but with lower rates of 2% and 23% from 2009 to 2014. Coal combustion has 632 

been reported to be strongly associated with increased mortality risk through inducing 633 

the ROS production (Hu et al., 2014; Laden et al., 2000; Lelieveld et al., 2015), and a 634 

major contributor to the PM2.5 during heating seasons (1-7%) than during non-heating 635 

seasons (24.1-57%) (Cao et al., 2005; Zhang et al., 2013). Here, the PM2.5 OP in Xi’an 636 

was observed to increase by 2.53 times from 2004 to 2014 during heating seasons. In 637 

contrast to the raw coal, the usages of other energies including crude oil, gasoline and 638 

diesel had respectively decreased by 14%, 1315% and 452% from 2009 to 2014 as 639 

observed from Supplementary Excel file S2. Therefore, the PM2.5 OP during 640 

non-heating time of 2014 was significantly lower than those in 2004 and 2009. It 641 

should be also noted that previously observed higher fractions of EC, OC and 642 

transition metals per µg of PM2.5 during the non-heating seasons in Xi’an (Huang et 643 

al., 2012) could partially explain why PM2.5 OP during non-heating seasons was 644 

observed to be significantly higher than those during heating seasons for 2004 and 645 

2009. The results here imply that PM2.5 even during the non-heating seasons should 646 

be controlled to protect elderly and children with low immunity, especially for places 647 

where non-biogenic control measures are not in place.  648 

 649 

To further analyze the reasons for observed PM2.5 OP changes, the metal elements 650 

of PM2.5 samples of summer (June, July and August) and winter (December, January 651 

and February) and the total bacteria (possible toxicity modifier) in all PM2.5 samples 652 

were analyzed, and presented in Fig. 5b and Fig. S3, respectively. Friedman Tests 653 

showed significant inter-annual differences in Cd (04 > 09 > 14), Pb (04 > 09 > 14), U 654 

(09 > 04 > 14) and Na (14 > 04 > 09) for summer (p-values = 0.007, 0.007, 0.015 and 655 
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0.042) and in Se (14 > 09 > 04) only for winter (P = 0.011), as shown in Table S4. For 656 

summer, the non-heating season, decreased levels in Cd, Pb and U, which are often 657 

used as the industrial emission markers, together with increased Na, and usually 658 

enriched in crustal materials (Calvo et al., 2013), might explain the lowest NIOG 659 

values for PM2.5 during non-heating seasons in 2014 as discussed above. For winter, 660 

Se, one of the typical coal combustion emission marker (Calvo et al., 2013), increased 661 

from 2004 to 2014 due to the increase in population size, which had coincidence with 662 

the increased NIOG values for PM2.5 during heating seasons as discussed above. 663 

These data indicate that changes in the oxidative potential of PM2.5 were in part due to 664 

the changes of metal contents in the PM2 samples as a result of various air pollution 665 

control measures. Certainly, these observations could also occur to other world cities 666 

other than Xi’an here if similar air pollution control measures are adopted. 667 

Spearman’s correlation analyses additionally showed significant, positive associations 668 

between the PM2.5 OP with PM2.5-borne bacteria (ρ = 0.250, p-value = 0.038), element 669 

P (ρ = 0.346, p-value = 0.045), Cr (ρ = 0.373, p-value = 0.030) and Na (ρ = 0.459, 670 

p-value = 0.007), as shown in Table S5.  671 

 672 

In this work, we have detected significant differences (p-values <= 0.001, 673 

Kruskal-Wallis test) in both microbial contents and toxicity of PM among 19 global 674 

cities. The biological components were also shown to vary greatly with geographical 675 

locations. Xi’an’s samples also showed the PM OP could also evolve over the time as 676 

a result of changes from the ground activities and air pollution measures. Here, we 677 

used Xi’an as an example to study the impacts of time and season on the PM toxicity. 678 

In future studies, more samples and locations around the world can be included to 679 

improve spatial PM toxicity resolutions. The AC filter collection efficiencies as well 680 

as sample representativeness should be evaluated against other common methods. Our 681 

work just provides an overall glimpse of air toxicity differences across the global 682 

cities, and a more quantitate assessment would require both higher temporal and 683 

spatial resolution with controlled influencing factors. The results obtained herein 684 

highlight the importance in optimizing current air quality control measures by 685 
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considering both biologicals and toxicity factor of PM. 686 

 687 

Supporting Information 688 

The supporting information includes the following tables:  689 

Tables：：：： 690 

Table S1  691 

Meteorological conditions in 19 sampling cities;  692 

Table S2  693 

Spearman’s correlations of endotoxin fractions in PM with bacteria/fungal levels 694 

and the mass concentrations of PM2.5 and PM10 across world cities;  695 

Table S3  696 

Spearman’s correlations of NIOG values with biological fractions and the mass 697 

concentrations of PM2.5 and PM10 across world cities;  698 

Table S4  699 

Friedman Tests of Xi’an PM2.5-contained trace elements in PM2.5 samples among 700 

2004, 2009 and 2014 during summer and winter, respectively;  701 

Table S5  702 

Spearman’s correlations of Xi’an PM2.5 NIOG values with PM2.5-borne bacteria 703 

(PM2.5 sample size: 72) and different PM2.5-borne trace elements in summer and 704 

winter (PM2.5 sample size: 36);  705 

Figures: 706 

Fig. S1  707 

The correlation of the average ratio of culturable bacteria to fungi (B/F ratio) in 708 

ambient PM samples from 19 cities with annual average relative humidity (RH) and 709 

annual precipitation of these 19 cities; 710 

Fig. S2 711 

24-hour average PM2.5 mass concentrations in 2004, 2009 and 2014; solid line: 712 

population density of Xi’an city in 2004, 2009 and 2014 according to Xi’an Statistical 713 

Yearbook (2005, 2010 and 2015); shadow zone: the yearly heating seasons (from 714 

November 15 to March 15) in Xi’an. 715 
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Fig. S3  716 

Concentrations of PM2.5-borne total bacteria in 2004, 2009 and 2014; shadow 717 

zone: the yearly heating seasons (from November 15 to March 15) in Xi’an. 718 

Excel files: 719 

Excel file S1 720 

The information of total PM2.5 samples collected in Xi’an, China. 721 

Excel file S2 722 

The statistical data for energy consumption and the permanent population in 723 

Xi’an, China from 2004 to 2014. 724 
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Highlights 

 

Ambient PM toxicity per unit of mass was shown to vary greatly with different cities across the 

world  

 

PM-borne biologicals were shown to exhibit remarkable differences across major cities, 

contributing to the difference of PM toxicity 

 

PM toxicity was shown to evolve over the time as a result of ground human activities as well as 

air pollution control measures 

 

This work highlights the need of taking into account of PM toxicity for future air pollution control 

efforts 
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