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Abstract
Air quality is often assessed using particulatetenatPM) mass concentration

without considering its toxicity, thus possibly d#&ag to improper control policies or
inadequate health protection. Here, we studiedemdiffces in oxidative potentials
(OPs) of PM samples collected using automobile@nditioning (AC) filters from 19
global cities, including influences from microb@ntents. Dithiothreitol (DTT) assay
showed remarkable differences in the PM OPs amatigs p-values <= 0.001,
Kruskal-Wallis test). For example, the normalizedex of oxidant generation (NIOG)
of PM samples in San Francisco (%207 annual average P16 pg/m®) was
found to be twice that in Beijing (1.%40% annual average PM:135 pg/mb).
Limulus amebocyte lysate (LAL) assay found that BdMre endotoxin ranged from
12.16 EU/mg (Florianopolis, Brazil) to 2518.23 Elg/fChennai, India) among cities.
Besides, culturing method and real-time qPCR rexkalgnificant differences up to
~100-fold in both bacterial and fungal levels amd®gcities. Spearman’s correlation
analysis implied that PM-borne microbes such asebb@acand fungi as well as metals
could strongly influence the PM OP. As an example; results in Xi'an, China
further suggest that the BMOP evolves for a particular city over the time,iahhis
attributable to both the urbanization and air padlm control measures. This work
highlights the importance in optimizing the curremt quality control measures by

considering the toxicity factor and its microbiahstituents.

Keywords: PM toxicity, biologicals, oxidative potertial, air quality
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Graphical abstract
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Highlights

Ambient PM toxicity per unit of mass was shown trygreatly with different
cities across the world

PM-borne biologicals were shown to exhibit remat&abfferences across major
cities, contributing to the difference of PM toxyci

PM toxicity was shown to evolve over the time aseault of ground human
activities as well as air pollution control measure

This work highlights the need of taking into accbahPM toxicity for future air

pollution control efforts

Introduction

Ambient particulate matter (PM) is described asagomcontributor to premature
mortality and shortened life expectancy (Lelieveldal., 2015)Globally, Western
Pacific and Southeast Asia are among the mosttaffeegions, having mortality
rates attributable to air pollution of 80.7 and HA&eaths per 100 000 in 2010,
respectively (Lelieveld et al., 2015). As for cuntrair quality assessment, PM mass

concentration is generally used. For example, tdehdur ambient air quality
3
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guideline values for Pl from World Health Organization (WHO), United Swtnd
China are 25ug/m®, 35 pg/m®, and 75ug/m’, respectively (U.S. EPA, 2012;
GB3095-2012; WHO, 2005). An increase of i@m® in ambient PMswas shown to
be statistically associated with a 9% increase ortafity risk for non-accidental
causes (Yin et al., 2017). On the other hand, PMpmsitions were also shown to
influence its toxicity, thus on the PM mass-heakhationship (Strak et al., 2012;
Tuomisto et al., 2008). Some other studies alsavetahat the toxicity of PM was
source-dependent (Lippmann et al., 2013; Mcwhiretegl., 2013). However, current
air quality assessment uses the same,Mass concentration guideline value

without considering its toxicity difference for dtications.

It is known that PM compositions such as organibaa (OC), element carbon
(EC), polycyclic aromatic hydrocarbon (PAHSs), amdnsition metals are strongly
associated with reactive oxygen species (ROS) (prmadicator for oxidative
potential) generation in human cells (Brook et 2010; Huang et al., 2013; Li et al.,
2003; Samake et al., 2017; Strak et al., 20A@&).example, one study revealed that
water-soluble V and Cr from PM were significantly associated with the increase of
DNA damage measured in blood (Sorensen et al.,)20b@ PM oxidative potential
(OP) was also shown to vary greatly among 20 sangsiites in Europ@unzli et al.,
2006). Likewise, it was reported by Weichenthadlet(2016a,b) that the between-city
differences on PM OP could modify the impact of Meven at its low levels, on
acute respiratory illnesses and myocardial infarctiAmong others, Manzano-Leon
et al. (2016) showed that there was an additioeals@nal impact on the PM
composition, which accordingly influenced its detetus effects. On the other hand,
it was reported very recently that PM-borne baatand fungi, in addition to causing
opportunistic infections, could modify the PM OP inyerplaying with its contents
(Samake et al., 2017; Vaitilingom et al., 2011, 20For example, Samake et al.
(2017) confirmed a cumulative effect on OP by furggores Aspergillus fumigatys
with airborne PM, copper and 1,4-naphthoquinond-{Q), in contrast to a strong

reductive effect from bacterial cellStaphylococcus epidermiglisindependent of
4
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metabolism, inactivated microbes were also showextobit the same OPs as viable
microbes, implying their ROS generation capabil{§amake et al., 2017). For
example, endotoxin, as a major constituent of thdero cell membrane of
Gram-negative bacteria, is thought to mediate pflasnmatory responses, thus
playing a role in various respiratory problems suh asthma, fever, shivering,
arthralgia, cardiovascular diseases, and evenid maease in blood pressure when
inhaled (Beutler and Rietschel, 2003; Suffrediniaét 1989; Takano et al., 2002;
Zhong et al., 2015). Therefore, the health effe€tBM to some extent, as suggested
above, also depend on their biologicals in additometals and organics. Some other
studies have shown that such constitutes of PMedagreatly across different
geographical locations (Bell et al., 2007; Heinrgthal., 2003; Laden et al., 2000;
Mueller-Anneling et al., 2004; Schins et al., 2004)

Accordingly, it is plausible that current air quglassessment practice could lead
to improper control policies or inadequate healtbtgction. Here, this work was
conducted to address the following questions: B there any significant differences
in oxidative potential (OP) per unit mass of PM agalifferent world cities? Are
there any evolutions in OP over a longer time gEreog., 10 years, for a specific city?
What are the possible influencing factors? ; 2) #here any significant differences in
biological components, e.g. endotoxin, bacteriapgfu in ambient PM among
different world cities? ; 3) Is the current air tyaassessment of using PM mass
concentration adequate or appropriate regardlekscafions for protection of public
health from air pollution? The corresponding infatman is of great help for
optimizing air pollution control and understandiogrrent air quality assessment

practice drawbacks.

Materials and Methods
Ambient PM sample collection
Global ambient PM sample collection using automobd AC filters: In this

work, we utilized a previously reported automob#e conditioning (AC) filter
5
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method (Li et al., 2013) to collect ambient parite matter (PM) samples from 19
cities in 13 countries under 8 different climat@es across the globe. The air samples
used in this work were the same as those in owique work (Li et al., 2018), but
analyzed for toxicity. Fig. 1 shows) these locations in the world map and
corresponding climate zones as stated by Li e28l8, andb) every city’s annual
average mass concentrations of jgnd PMjs according to the Ambient Air
Pollution Database provided by WHO (2016). As dést previously, a total of 174
used AC filters were collected from randomly seddctautomobiles without
considering specific times or seasons from 201&Ga7 (Li et al.,, 2018). Here,
grouping the AC filters based on seasons is diffisince these automobiles are
located under different climatic zones and havéeht frequencies in replacing the
AC filters. Nonetheless, different replacing frequencies waidghificantly affect the
total PM mass, but not the PM toxicity per unitnoéss for the same seasés. the
PM accumulates over time, the AC filters despitéedent brands should have similar
performance with respect to their filtration eféocies. For example, at certain point,
the AC filter not just collects large particles,tkalso smaller ones because all the
“collecting pores” of the filter are filled with piécles (not many particles can pass
through). Accordingly, particles of all size werdlected onto the AC filter. Acquired
from ClimaTemps (http://www.climatemps.com/), theeteorological conditions
including annual average daily maximum and minintemperatures, annual average
relative humidity (RH) and annual precipitationgach city are presented in Table S1
(Supporting Information). In this work, the PM sdeg were obtained by first
shaking them onto a white office paper from theomgbile AC filters, then poured
into a 50-mL centrifuge tube (CornifigPremium Quality, Acton, MA, USA), which
were further analyzed for weight using an analytisalance (AL204IC, Mettler
Toledo, Inc., Greifensee, Switzerland). The obt@iB®-mL tubes, which contained
the PM samples, were subsequently extracted bycaloedated volumes of sterile
deionized (DI) water (Milli-Q, Millipore, Billerica MA, USA) to achieve a PM
concentration of ~1 mg/mL. The PM extraction sa@of were subsequently treated

by vigorous vortexing for 15 min at a rate of 28@9éh and then stored at -20°C until
6
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further experiments. Here, the PM samples colleftech the AC filters contained
both PM 5 and coarse particlel this work, we did not perform any solution-based
extraction of PM from the filter, thus the filter aterial could have had minor
interferences on the PM (If any, it could be ditutey the large volume of PM mass
collected from the filter, e.g., more than 20 mg)PM terms with the quality control,
the same type of office paper was used along wittew AC filter (purchased in
Beijing, China) to conduct the same proceduresridest above (although no visible
particles obtained). The obtained 50-mL tube coimgi the DI water from this

control AC filter was used as a negative contralirof our experiments.
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Fig. 1 (a) Automobile AC filter collection map (the map svabtained using ArcGIS
10.2 (Esri)) as also used in our previous work €tial., 2018); and corresponding
climate zones, whereimindicates the sample size for each city; and (rg<iannual
average mass concentrations of ;eshd PMs from the Ambient Air Pollution

Database provided by WHO (2016).
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Xi'an’'s PM ;5 samples and pretreatment To study the evolution of particle
toxicity over the years, PM samples from Chinese Academy of Sciences’ Instibfit
Earth Environment over a 10-year time period inakiwere used for analysis in this
work. As described in an earlier study (Li et aD18), these samples were collected
over the years at an urban monitoring site whick lgaated on the rooftop-(10 m
above the ground) of the institute building (E B83.°, N 34.229°), surrounded by a
residential area~ 15 km south of downtown Xi'an, Northwest China.partable
atmospheric particulate matter sampler, Mini¥/dlactical Air Sampler (TAS)
(Airmetrics, Inc., Springfield, Oregon, USA), wased with a sampling flow rate of 5
L/min to collect pre-defined 24-hour BM samples. The Pp4 samples were
collected onto quartz filters (47 mm, Whatman QMEngland), and were further
sterilized by baking at 780 °C for 3 h before uBer weighing the filter, the
gravimetrical method was applied according to thetqeol reported in a previous
study(Cao et al., 2005). After the weight analysis, efiitbr sample was sealed and
stored at -20°C. A total of 72 quartz filter sanspleespectively from™®or 7" and 25'
of each month (January to December) for 2004, 26068 2014 as listed in
Supplementary Excel file S1, were selected andyaedl Prior to all experiments,
PM, s samples were extracted, as described in our preweork (Li et al., 2018),
from quartz filter samples by the following proceeis! Firstly, each of the filters was
cut into pieces, ranging from 1.4 to 2.8%im area using a sterile cutter. Each filter
piece was then placed into 2 mL of sterile purifigdter with 0.05% Tween 20
(Solarbio, Inc., Beijing, China) in a sterile cefuge tube, then subjected to 20 min of
sonication, followed by a vortex mixing for 40 mat 2800 rpm. PMsextraction
samples were stored at -20°C until subsequent empets. Due to sampler
malfunction, mass concentration values of Ramples on July 352004, July 2%
2009 and November 22009 were not obtained. Here, automobile AC fitamples

from Xi'an city were not obtained at the time ofr@lobal sample collection.

DTT assay procedure for PM toxicity
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The DTT (Dithiothreitol, HSCKH{CH(OH)),CH,SH) assay was used to analyze
the oxidative potential (OP) in global ambient PMdaXi'an’'s PM,s extraction
samples. Redox-active compounds catalyze the oxygeuction to superoxide by
DTT, which is then oxidized into disulfide. The raming thiol was used to react with
5,5'-dithiobis-2-nitrobenzoic acid (DTNB), generadi a mixture of disulfide and
5-mercapto-2-nitrobenzoic acid (TNBA). The mixtumas further quantified by its
absorption at 412 nm. The solutions used for DTSBgsincluding the buffer solution,
DTT and DTNB, were prepared according to a previsasgk by Kramer et al. (2016).
The DTT assay was carried out in a following systé@uL of 0.5 mM DTT, 1.0 mL
of buffer solution, 20Q.L of 10-fold diluted PM extraction solution (ud/uL) or 50
uL/100 pL of PM, 5 extraction solution or 20QL of negative control (sterile purified
water with 0.05% Tween-20) or 10, 20, 30, 40 ub0f external standard (0.Qdy/uL
1,4-napthaquinone (1,4-NQ)) or blank (1000-fold utid dimethyl sulfoxide
(DMSOQ)). After well mixed, all the tubes were inatbed at 37°C for 30 min and
shielded from exposure to light. 1@ of 1.0 mM DTNB was then added to each
reaction solution. The absorbance of TNBA in 3000f each stop solutions was
measured at 412 nm using a spectrophotometer (@ptot M2, Molecular Devices,
Inc., Sunnyvale, CA, USA). The measured ROS geivergtentials were expressed
as the normalized index of oxidant generation (NJGf&cording to the method
reported by Li et al. (2009). DTT assays for all B&¥mples were carried out within
one day after the extraction. Additionally, the wole-normalized oxidative potential
characterized by NIOG per cubic meter (pcbm) obaine PM (NIOGwm HQ
1,4-NQ/n?) for each city including Xi'an was also calculatedcording to the

following equation:

NIOG,cpni=NIOG x PM;, or PM; 5 mass conc. (2)
where PMgmass concentratioqg/m®) for each city can be found in Fig. 1b. Here,
we use PMp mass concentration (TSP data are not availablealiocities) for

estimating the geographical variations in volumeamadized concentrations among

19 cities. This is reasonable since a significamedr correlation R = 0.79-0.99,

9
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p-value < 0.0001) was detected between;fPEhd TSP, as supported by a high
PMyo/TSP ratio of 0.56-0.92 (Ma et al., 2017). PMnass concentratiomg/m’) of
each PM ;s sample from Xi'an is listed in Supplementary Exidel S1.

Biological contents analysis

Culturable bacteria and fungi analyses Culturable bacteria and fungi fractions
in global ambient PM samples were analyzed by usisaggeny broth (LB) agar plate
and Sabouraud’s dextrose agar plate (Becton, Dicksml Company, Sparks, MD),
respectively. The culturing conditions for bactearad fungi were at 30 °C for 3 days
and at 30 °C for 5 days, respectively, in sepairatabators. For each sample three

replicates were performed.

Total bacteria analysis DNA extraction of 1 mL of global ambient PM
extraction solutions (1 mg/mL) and 200 Xi'an’'s PM, 5 extraction solutions were
performed according to the manufacture’s guidelaesecommended by the bacterial
genome extraction kit (Tiangen Biotech, Inc., Bwgji China). DNA extracts were
stored at -20°C until the real-time gPCR assaygtantifying the total bacterial cell
concentration of each PM extraction solution usinggandard curve. Pure cultures of
Gram-negativeEscherichiacoli (E.coli, ATCC 15597) purchased from American
Type Culture Collection (ATCC) were used as the D$tandard templates in our
experiments. The cells &.coli were obtained by their culturing on Tryptic Soyakg
(TSA, Becton, Dickson and Company, Sparks, MD)gdat 30 °C for 24 h. When
preparing the pure bacterial solution, 20 mL ofoala#ved water was added into the
agar plate and colonies Bfcoli were gently scraped from the agar surfaces using a
inoculation loop. The resulting bacterial suspemswas washed three times by
pouring them into a 50 mL autoclaved tube and degid at a vortex rate of 7000
rpm (Eppendorf Centrifuge 5804R, Eppendorf, Hamp@grmany) for 7 min. The
final pellet of bacteria from the last centrifugatiwas re-suspended in the 20 mL of
autoclaved water. The final achieved concentrabibthe pure bacterial solution was

around 9.0 x 1®cells/mL (manually counted under the microscope ealculated).
10
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Then the pure bacterial solution was serially @itliby 10-18 times as respective
standard curve samples. As described above, thes@RbBase-free ddid (Tiangen
Biotech, Inc., Beijing, China) from the tube wasdss the negative control in all

PCR tests.

The previously reported primers and probe are {medniversal gPCR assays in
this work: forward primer: 5-TCCTACGGGAGGCAGCAGT-3Tm=59x4 °C),
reverse primer: 5-GGACTACCAGGGTATCTAATCCTGTT-3' (i1=58+1 °C), probe:
(6-FAM)-5’-CGTATTACCGCGGCTGCTGGCAC-3-(TAMRA) (Tm=8x9 °C)
(Nadkarni et al., 2002). The gPCR assay was caougdn a 50uL reaction mixture
containing 5uL of template DNA, 1uL of each dNTP (2.5 mM each) (Tiangen
Biotech, Inc., Beijing, China), miL of 10 x PCR buffer (Tiangen Biotech, Inc.,
Beijing, China), 0.2.L of Taq polymerase (2.5 WL) (Tiangen Biotech, Inc.), L of
each primer (1@M each) (Sangon Biotech, Inc., Shanghai, Chinai, df probe (10
uM each) (Sangon Biotech, Inc.) and 4Ql8of DNase/RNase-free ddH20 (Tiangen
Biotech, Inc.) using a 7300 Real Time PCR Systepp(id Biosystems, Inc., Foster
City, CA, USA). Cycling conditions were set as @olls: 50 °C for 2 min, followed by
initial denaturation at 95 °C for 10 min, then 4xles of 95 °C for 15s, and last
60 °C for 1 min.

Endotoxin analysis The quantitation of endotoxin concentration irolgll
ambient PM samples was performed by the kinetioidimetric Limulus Amebocyte
Lysate (LAL) assay (Associations of Cape Cod, I&amouth, MA, USA). For
extracting endotoxins from particles, 10-fold dédt(using sterile DI water with 0.05%
Tween 20) PM extraction solutions were subjected@didexing for 120 min at 300
rpm, and then followed by a 20 min of sonicatioack solution was subsequently
centrifuged for 10 min at 3500 rpm to remove smalticles and other fragments that
may interfere with LAL analyses. The supernatargsenthen transferred into 1.5-mL
centrifuge tubes. Each supernatant was ultimatiéledl 30 times using sterile DI

water with 0.05% Tween 20. Endotoxin concentrationghe diluted PM extraction
11



320 solutions were measured according to the manufcsuinstructions and the
321  procedure documented in a previous st et al., 2009). As described above, the
322 DNase/RNase-free ddB (Tiangen Biotech, Inc., Beijing, China) with 0%5Tween
323 20 from the tube was used as the negative contra@ndotoxin tests. Standards,
324 samples, spikes, and blanks were analyzed usingraptate reader (SpectraMax M2,
325  Molecular Devices, Inc., Sunnyvale, CA, USA) at avelength of 405 nm for 60 min
326 in the kinetic mode.

327

328 Additionally, the volume-normalized concentratigper cubic meter (o) Of

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

c
330 Cocbni= ﬁg"o x PM;, mass conc. (2)

331  where Cpy is endotoxin concentration per unit mass of PM,§i8l the annual
332 average mass concentratipmim’) for each city (can be found in Fig. 1b).

333

334  Trace elements analysis for PMs samples

335 Trace elements, including P, Ca, Ti, V, Cr, Co,li, Zn, As, Se, Mo, Cd, Tl, Pb,
336 Th, U, Na, Mg, Al, K, Mn, Fe and Ba for Xi'an’s P samples were measured in
337 100-fold diluted (by sterile purified water with03% Tween-20PM, 5 extraction
338  solutions using inductively coupled plasma masstspmetry (ICP-MS, Aurora M90,
339  Bruker, Inc., Billerica, MA, USA). The ICP-MS wagj@pped with a two-channel
340 atomizing chamber with controlled temperature &.3+C and a quartz integration
341 quarter with the central passage size of 2.5 mndiameter. Before analysis, all
342 diluted PM s extraction solutions were filtered using nylon nieames (0.22um;
343  Agela Technologies, Inc., Tianjin, China). A bladagent (sterile purified water with
344  0.05% Tween-20) as a negative control was preparedch run following the same
345  procedure used for the samples. The detailed erpatiprocedure was followed as
346  specified in the document of “Methods for ChemiBahklysis of Silicate Rocks-Part
347  30: Determination of 44 Elements” (in Chinese) (GB/A4506.30-2010). The metal

348 analysis was not performed for the global city Rivhples.
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Statistical Analysis

In this work, because the data were not Gaussstniulited, Kruskal-Wallis
one-way analysis of variance (ANOVA) on ranks foultiple and non-parametric
comparisons were used to analyze differences ilodical contents and oxidative
potentials among different cities, as well as thbséween heating seasons and
non-heating seasons for each year in Xi'an. Frigdriast as an alternative of
ANOVA for related samples was applied to analyziihg inter-annual differences in
oxidative potentials, Pt mass concentrations and total bacteria during thelev
year or during heating/non-heating seasons. Pearsomrelation and Spearman’s
correlation were performed to evaluate the assoastbetween endotoxin/oxidative
potentials with other factors. Friedman Tests wesdormed using SPSS 16.0 (IBM
Corp. Ltd., NY, USA). Other statistical analysesrev&€onducted using SigmaPlot
12.5 (Systat Software, Inc., Chicago, IL, USA). Thsults from the negative controls
were shown to be below the analytical detectiontéinA p-value of 0.05 indicates a

significant difference.

Results and Discussion
PM oxidative potential (OP) varied greatly with gldoal cities

Fig. 2 presents (a) mass-normalized PM OPs in N\@@es and (b) calculated
PM OP per cubic meter of air in NIQgGm values in different world cities.
Kruskal-Wallis tests showed statistically signifitadifferences in both NIOG and
NIOGpcom among 19 studied citiep-alue <= 0.001). As shown in Fig. 2a, NIOG
values of PM in Beijing (1.1410?), a city that is often frequented by haze problems
were unexpectedly found to be among the third loves®ls for all 19 cities, only 6%
above Florianopolis (1.640?) of Brazil, and 13% above Tours (1X1D?). However,
the PM OP in San Francisco (2xA®?) with much lower PNy mass concentration of
16 pg/m® (Fig. 1b) was found to have the highest NIOG, al9¥8% higher than that
of Beijing. Results of rat's exhaled breath expeniin our recently published work

further confirmed above results of DTT assay (Céeal., 2018). For example, rats
13
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386

387

388

389

390

391

392

393

394

395

from Zurich (City A), Johannesburg (City C) and Saancisco (City D) were found
to produce significantly higher exhaled IL-6 levéisin those from rats in the group
Beijing (City B). In addition, the results of blodmbrne IL-6 concentration levels

were shown to agree with the results from the D33ag (Chen et al., 2018).

Using equation (1), Fig. 2b visually shows the PR @er cubic meter of air in
NIOGpcom (19 1,4-NQ/n) values estimated for different world cities. dincbe clearly
recognized from Fig. 2b that NIQEm was extremely high in Johannesburg,
Shanghai, Guangzhou, Beijing and Bandung; otheesciwith high levels of
NIOGycom included Chennai and Hong Kong; those with medievels of NIOGcom
included Haikou, Seoul, Warsaw, Singapore, Stollaerg) Paris; the remaining cities
were found to have lower levels of OP per cubicemetf air. The OP variations
among locations as aforementioned were also repartether studies (Kinzli et al.,
2006; Weichenthal et al., 2016a,b). Our resultshenother hand suggest that cities
with lower annual PM levels but higher PM OPs cosiill present health risks to

those elderly, children and people with low immunit
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Fig. 2 (a) Boxplots of mass-normalized oxidative potdat@®IOG values); and (b)
volume-normalized oxidative potential estimates@Sb.nm values) across different
world cities. In (a) the upper and lower ends @& Hox respectively represent 75%
and 25% percentiles; the vertical bars above atmhbeespectively indicate $0and
10" percentiles, with the upper and lower circles shgvthe data outside §oand
10" percentiles; the lines inside the box are for mgaid ones) and median values.
p-value is the statistical result of Kruskal-Wallisst. The toxicity values for cities
marked with “** in the figure were used to evaluate online PM toxicity analysis

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

Our results on OP per unit mass of PM (NIOG) heighirbe partially explained
by variations in its PM organic and inorganic comguats and source among different
cities. For example, the relative mass percentafd3M, s-borne components that
have strong associations with ROS generation ssi€h@G EC, NG, transition metals

(Cu, Ni, Zn and Fe) in San Jose (close to San ksam); California were reported as
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34.7%, 6.7%, 19.2%, 0.04%, 0.05%, 0.06% and O.8t%pectively (Wang and
Hopke, 2013). However, those of OC, EC ands:N® PM, 5 in Beijing were much
lower compared to San Jose, respectively, 12.5%8p &nd 8.4% (Zhang et al., 2013).
Similarly, the relative mass percentages of OC,aB@ NOs; in PMyo in Seoul were
also at the low levels, respectively 15.3%, 4.5% &8.1% (Yi and Hwang, 2014).
The results from positive matrix factorization (PM$howed that the contributions
from vehicles, combustion and secondary reacti@gether accounted for more
ambient PM gPM;yoin San Jose (81.8%) in comparison with Beijing®&nd Seoul
(48.1%). In contrast, fugitive dusts, generallyibetd to be less toxic, were reported
to contribute more to PM in Seoul (34.9%) and to PMin Beijing (16%) than to
PMsin San Jose (5.1%) (Wang and Hopke, 2013; Yi anaifyy2014; Zhang et al.,
2013). It was reported that in Beijing dust sourcesld contribute as much as 31-40%
to PMy during Asian dust storm (Liu et al.,, 2014a). Poeg studies reported
different results on source apportionment of anmbfM using different models or
sampling in different seasons. For example, it masstigated using chemical mass
balance (CMB) that in wintertime only the wood camstion contributed over 45%
and as high as 81%, to ambient PM in San Josea®aato and Modesto that are
close to San Francisco (Chow et al., 1995; Kleegata., 2009). Vehicular emissions,
incomplete combustion and secondary reactions weseribed to contribute larger
fractions to the total generation of ROS than otbaurces (Charrier et al., 2015;
Chung et al., 2006; Fang et al., 2015; Liu et 2014b; Verma et al., 2015). In
addition to particle composition, a recent workwshd that air samples collected into
13 different size ranges (10 nm to {i8)) for Beijing and Zurich had remarkably
different size distributions and size-specific i (Yue et al., 2018). This could be
also true for the cities investigated here thatiglas collected from different cities,
e.g., Beijing and Zirich, could have different stistributions, thus influencing its
toxicity. Thus, it is not surprising that ambiertlBamples from some cities (such as
San Francisco) with low annual average PM conceotrgusually termed as good air

quality) were found to exhibit higher toxicity penit of PM mass.
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PM-borne endotoxin and associated microbes differedignificantly among global
cities

To study its influence on PM toxicity, PM-borne etakin levels among different
world cities were analyzed and shown in Fig. 3. dkal-Wallis tests revealed
statistically significant differencep+{alues <= 0.001) in both mass-normalized and
volume-normalized endotoxin levels among 19 différgties (no comparisons were
made for any two cities here). As observed from B mean values of endotoxin
fractions in PM for different cities were found vary significantly by two orders of
magnitude from 12.1& 7.74 EU/mg (mean value standard deviation, hereinafter)
in Florianopolis, Brazil to 2518.28 5229.89 EU/mg in Chennai, India. The same as
Chennai, PM in Seoul (11178 1864. 48 EU/mg), Chinese mainland cities, i.e.,
Beijing (396.48+ 269.83 EU/mg), Shanghai (580.%073.40 EU/mg), Guangzhou
(148.80 £ 151.32 EU/mg) and Haikou (846.74 692.04 EU/mg), Johannesburg
(178.22+ 187.90 EU/mg) and Warsaw (184.837.30.89 EU/mg) also contained high
levels of endotoxin. Stolberg, Germany was detetdeskhibit a relatively high level
of PM-borne endotoxin fraction of 646.44 912.99 EU/mg, while other West
European cities were in general found to have ldeegls of mean value around 50
EU/mg PM. Other cities located in Southeast Asimefica and Australia exhibited
low levels of PM-borne average endotoxin, less th@d EU/mg as shown in Fig. 3a.
The endotoxin fractions in PM partly agree with jioes studies in term of its
magnitude. The ambient endotoxin in San Franci86®( EU/mg) in this study were
relatively comparable to the BRMassociated endotoxin level in Southern California
(13.6 EU/mg) (Mueller-Anneling et al., 2004). Thenlaent endotoxin in Beijing
(396.48 EU/mg) in this study, however, was muchhéigthan the Pkk-borne
endotoxin in Beijing (10.25 EU/mg) reported by Guetral. (2014). The differences
could partially result from different sampling metts, thus collecting different size
PM samples. For example, studies showed that aiebendotoxin was detected
mainly in PM s.10 fraction(Heinrich et al., 2003; Schins et al., 2004; Tagesl.,
2010). Nonetheless, these data suggest that sas® oh&#M from different cities

contained different amounts of endotoxin. In additto mass-normalized endotoxin,
17
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Fig. 3b visually presents the air volume-normalizeddotoxin concentrations
estimated using equation (2) for each of studiggsiby considering their annual
average PN levels (grouped into five levels as shown in thgeind using Jenks
Natural Breaks in ArcGIS 10.2). It can be cleargcagnized from Fig. 3b that
airborne endotoxin concentration level (EJ)iwas extremely high in Chennai; other
high levels of airborne endotoxin appeared withubedhanghai, Beijing and Haikou;
cities with medium levels included Stolberg, Johesturg, Guangzhou and Warsaw;
the remaining cities were found to have relatidelyer levels of airborne endotoxin.
Our results here implied that people from differeities as studied here could likely
have significantly different endotoxin inhalatioxpesure due to various factors, such

as such as PM mass concentration.
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Fig. 3 (a) Boxplots of endotoxin fractions in PM (TSPida(b) airborne endotoxin

concentration estimates from dust-borne shown )na¢aoss different world cities
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(EU/M?). In (a), the upper and lower ends of the boxeetpely represent 75% and
25% percentiles; the vertical bars above and beéspectively indicate $0and 16'
percentiles, with the upper and lower circles smgwthe data outside 8cand 18
percentiles; the lines inside the box are for méaoid ones) and median values.

p-value is the statistical result of Kruskal-Wallisst.

To further study endotoxin-related biologicals, armalyzed bacterial contents in
the PM samples. Fig. 4 presents (a) results oebiacfboth total and culturable) along
with fungi fractions in PM collected from studiedies, and (b) correlations of the
ratio of culturable bacteria to fungi (B/F ratio)thv annual average minimum and
maximum temperatures. Kruskal-Wallis tests showddtissically significant
differences in all studied contents (i.e., totalctbaa, culturable bacteria and
culturable fungi) among different world cities wiphvalues of <=0.001. As observed
from Fig. 4a, total bacteria (1.810%6.81x10° cells/mg), culturable bacteria
(2.73x10>1.45x10" CFU/mg) and fungal (1.48-421.48 CFU/mg) were shoovaary
significantly up to 100-fold among different citjesvhich thus could strongly
influence the PM toxicity. In our recent work, ias/shown that PM samples collected
from global cities also had significant bacteriahununity structures (Li et al., 2018;
https://www.ncbi.nlm.nih.gov/sra/PRINA525745), hat contributing to different

toxicity of PM observed.
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Fig. 4 () Average concentrations with standard deviata@ristal bacteria, culturable
bacteria and culturable fungi in PM across 19 woeltdes; wherein standard
deviations (error bars) were calculated from rasaftindependent AC filter samples
from each city as shown in Fig. 1; and (b) the @ation of the ratio of culturable
bacteria to fungi (B/F ratio) with annual averagailyd minimum and maximum

temperatures.

To explore the associations between PM-borne eriofeaction and different

microbial fractions, we here performed Spearmaaisetation analyses as shown in
Table S2. Endotoxin was observed to be signifigaadkociated with total bacterja (
= 0.489,p-value = 0.033) rather than culturable bactesia 0.172,p-value = 0.475),
because release of endotoxin molecule follows nbt the growth of gram-negative
bacteria but also mostly their cell ly$Beutler and Rietschel, 2003; Liebers et al.,
2008). On the other hand, endotoxin was shown fooséively associated both BN

(0 = 0.560, p-value = 0.013) and PM (p = 0.459, p-value = 0.047) mass
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concentration as shown in Table S2. All above tegeflected that different bacterial
contents per unit of PM mass as shown in Fig.4adiiferent PM.s and PMg mass
concentration levels as presented in Fig. 1b ctaald to different levels of PM-borne

endotoxin for different cities.

The associations of B/F ratio with the meteorolabifactors are additionally
listed in Table S1, including temperature (Fig.,4BJative humidity and precipitation
(Fig. S1). The results revealed only a significarggative correlation between B/F
ratio and daily minimum temperature € -0.602,p-value = 0.006) as well as daily
maximum temperaturep (= -0.563, p-value = 0.012) in this work. Our results
suggested that temperature changes (minimum andnma® affect bacteria and
fungi differently, i.e., the inhibition effect fobacterial growth, in contrast to a
promotion effect for fungal growth; which are catsnt with some previous studies
(Jones and Harrison, 2004; Lighthart and Shaff@@5). Our results here indicated
that different meteorological conditions in diffatecities would influence the
microbial compositions (bacteria and fungi) of PMluding the endotoxin fraction,
and thus the PM OP according to a recent work mye&a et al. (2017). Accordingly,
sole use of PM mass concentration levels withousiciering PM-borne microbial

contents might not be adequate for assessing @ithhmpacts of ambient PM.

We additionally performed the Spearman’s corretatmalysis of PM OP here
between biological fractions and BRMand PMo mass concentrations. The results
only showed a significantly negative associatiotwieen NIOG and culturable fungi
fraction in PM as shown in Table S8<% -0.481 p-value = 0.037). A number of recent
studies has showed that PM-borne microorganismbiearmtmosphere could modify
the ambient OP through the biodegradation gbtbxidants (Vaitilingom et al., 2011,
2013). However, the specific oxidative reactivifybioaerosols was reported to vary
with the specific genera or species of microorgasigSamake et al., 2017). Previous
studies also demonstrated that endotoxin moleadetd promote ROS generation

both alone and in interaction with other specieBlh (Di et al., 2011; Hsu and Wen,
21
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2002; Simon and Fernandez, 2009; Takano et al.2)208ere, the relationship
between endotoxin and NIOG, shown to be statisyicasignificantly correlatedg =
0.009, p-value = 0.968), might be possibly modifiesl discussed above by the
different microbial community compositions reportéar different cities in our
recently published work (Li et al., 2018). The PMP @vas also found to have no
significant correlation with either PM or PM, mass concentration, which agreed
with the findings in a previous study in Europe (il et al., 2006). Overall, the OP
of PM could be affected greatly by their chemicad aiological compositions,
however much work is needed to further elucidate televant influencing

mechanisms.

PM, 5 oxidative potential evolved significantly over a pst decade in Xi'an, China

In the past years, benefiting from various contnelasures several major Chinese
cities such as Beijing and Xi'an were observedawehdeclines in annual BMmass
concentration levels (Han et al., 2009; Huang et28l15; Wu et al., 2011; Zhang et
al., 2013). In this work, as an example, we studle@hges in OP for ambient B¥in
2004, 2009 and 2014 (a 10-year time period) in iXi'&€hina.Fig. 5a respectively
presents box plots of mass-normalized ;BMDP in NIOG values, Pl mass
concentrations, and estimated volume-normalized&rin NIOGm values during
heating seasons and non-heating seasons of 2004 ,a2@ 2014. The complete time
series of daily PMs mass concentration observed in this work are showig. S2.
Table 1shows the statistical results on NIOG, PjMnass concentration, NIQgm
for 2004, 2009 and 2014 respectively in heating@es and non-heating seasons. For
heating seasons, Friedman Test shows that NIOG&samong 2004, 2009, and 2014
differed significantly p-value = 0.021) as observedTable 1 with the order of: 2014 >
2009 > 2004. These data imply that PMOP had increased over the past decade
during heating seasons. In contrast, for non-hgaseasons, PM OP seemed to
follow a similar pattern with the PM mass concentration, i.e., it first slightly
increased from 2004 to 2009, and then significadiégreased starting from 2009

when significant control measures have been impiéaae For example, according to
22
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Xi'an Environmental Protection Bureau, the “Xi'anityC motor vehicle emission
prevention and control regulations” had come irdmé upon September',12009.
The regulations clearly defined the prevention andtrol, the determination and
treatment and the related legal liabilities. Xi'successively implemented the Tier Ill
of China vehicle emission standard and the TierofVChina vehicle emission
standard from August®] 2008 and June®12012 (Xi’'an Environmental Protection
Bureau). Surprisingly, Kruskal-Wallis Test suggdstthat the NIOG values in
non-heating seasons were significantly higher ttmse in heating seasons during
2004 p-value = 0.010) and 2009+/alue = 0.048); and then the two seemed to be
fairly equal (a turning point for Pps OP) in 2014 g-value = 0.903). This
phenomenon could be due to higher fraction of,P¥om non-biogenic sources
during the non-heating seasons for 2004 and 200fisasssed above. As observed
from Fig. 5a, PMs mass concentrations in heating seasons were djgriegier than
those in non-heating seasons all the time. Supposbéeé PM toxicity change from
2009 to 2014 during non-heating season were dgbdages in Pls compositions,
e.g., fewer emissions from industry and other nimgdnic emissions due to strict
prevention and control policies implemented for tfemar of 2014. The results of
NIOGpcom Shown in Fig. 5a imply that the overall RMOP per cubic meter of air
during the heating seasons in 2014 was shown t8.db& times that in 2004. For
heating seasons, the RMOP per unit volume of air (NIQ§n) increased rapidly
(roughly by 2.42 times) from 2004 to 2009, and tdenreased by 40% from 2009 to
2014 due to strict control implementation. In castr for the non-heating seasons, the
mean NIOGcpm value in 2014 was about 1.81 times lower thanithaD04, although
there was a slight increase (about 5.79%) from 20@009. These data show that the
air pollution control practices have been takinfg@t at least during the non-heating

seasons over the past decade in Xi'an, and hesiingficantly affects air toxicity.
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Fig. 5 (a) Boxplots of NIOG values, PMmass concentrations and NIQG, values

in heating seasons (from ®Movember to 8 or 7" March) and non-heating seasons

(from 25" March to &' or 7" November), and (b) average fractions with standard

deviations in form of error bars of BMborne trace elements in summer and winter

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

and 25% percentiles, respectively; the circle and Indicate geometric mean and

median values, with the vertical bars showing th@" and 16 percentiles,

respectively.

Table 1 The Friedman Tests of NIOG, BMmass concentration, NIQgm among

2004, 2009 and 2014 in heating seasons and nomfjes¢asons separately, and

Kruskal-Wallis Tests of those between heating seasnd non-heating seasons in

2004, 2009 and 2014, respectively.

Friedman Tests among 2004,

2009 and 2014

Kruskal-Wallis Tests between
heating and non-heating seasons

p-value

Heating Non-heating 04 09 14
seasons seasons
NIOG 0.021 0.135 0.01 0.048 0.903
PMesmass 0.607 0.046 0.121 0.02 0.132
conc. (1g/m’)
NIOGycpm *
Peb 0.021 0.019 0.023 0.404 0.302

(ug 1,4-NQ/n)

"p-value < 0.05.
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These results shown above are largely attributettheécadopted changes for the
energy consumption and permanent population innXda shown in Supplementary
Excel file S2 obtained from Xi'an Statistical Yeadks (2005-2015). The permanent
population and the raw coal consumption mostly usedcheating seasons had
respectively increased by 16% and 52% from 2002009, and then continued to
increase but with lower rates of 2% and 23% frofd®® 2014. Coal combustion has
been reported to be strongly associated with ise@anortality risk through inducing
the ROS productiofHu et al., 2014; Laden et al., 2000; Lelieveldlet 2015), and a
major contributor to the Pp4 during heating seasons (1-7%) than during noniingat
seasons (24.1-57%ao et al., 2005; Zhang et al., 2013). Here, thg $OP in Xi'an
was observed to increase by 2.53 times from 20@01@ during heating seasons. In
contrast to the raw coal, the usages of other @sengcluding crude oil, gasoline and
diesel had respectively decreased by 14%, 1315%4888 from 2009 to 2014 as
observed from Supplementargxcel file S2. Therefore, the RM OP during
non-heating time of 2014 was significantly lowearththose in 2004 and 2009. It
should be also noted that previously observed hidrections of EC, OC and
transition metals petg of PM, 5 during the non-heating seasons in Xi'an (Huang et
al., 2012) could partially explain why BMOP during non-heating seasons was
observed to be significantly higher than those riuteating seasons for 2004 and
2009. The results here imply that Pieven during the non-heating seasons should
be controlled to protect elderly and children wikv immunity, especially for places

where non-biogenic control measures are not ineplac

To further analyze the reasons for observed POP changes, the metal elements
of PM, 5 samples of summer (June, July and August) andew(iitecember, January
and February) and the total bacteria (possiblecityxmodifier) in all PM s samples
were analyzed, and presented in Fig. 5b and Fig.r&pectively. Friedman Tests
showed significant inter-annual differences in Gd ¥ 09 > 14), Pb (04 > 09 > 14), U

(09 > 04 > 14) and Na (14 > 04 > 09) for sumnmevdlues = 0.007, 0.007, 0.015 and
25



656 0.042) and in Se (14 > 09 > 04) only for winter{0.011), as shown in Table S4. For
657 summer, the non-heating season, decreased levéld,iPb and U, which are often
658 used as the industrial emission markers, togethtr wucreased Na, and usually
659 enriched in crustal materigl€alvo et al., 2013), might explain the lowest NIOG
660 values for PM;s during non-heating seasons in 2014 as discussegeabor winter,
661  Se, one of the typical coal combustion emissiorkerdCalvo et al., 2013), increased
662  from 2004 to 2014 due to the increase in populatiaa, which had coincidence with
663 the increased NIOG values for RMduring heating seasons as discussed above.
664  These data indicate that changes in the oxidattenpial of PM s were in part due to
665 the changes of metal contents in the,Fdmples as a result of various air pollution
666  control measures. Certainly, these observationkladso occur to other world cities
667 other than Xian here if similar air pollution ceok measures are adopted.
668 Spearman’s correlation analyses additionally shoswgualificant, positive associations
669  between the Pl OP with PM s-borne bacterigo(= 0.250,p-value = 0.038), element
670 P (p = 0.346,p-value = 0.045), Crp(= 0.373,p-value = 0.030) and Na (= 0.459,
671  p-value = 0.007), as shown in Table S5.

672

673 In this work, we have detected significant diffezes p-values <= 0.001,
674  Kruskal-Wallis test) in both microbial contents acticity of PM among 19 global
675  cities. The biological components were also shawmary greatly with geographical
676  locations. Xi'an’s samples also showed the PM Qltccalso evolve over the time as
677 a result of changes from the ground activities aimdpollution measures. Here, we
678 used Xi'an as an example to study the impactsnoé tand season on the PM toxicity.
679 In future studies, more samples and locations atdbe world can be included to
680 improve spatial PM toxicity resolutions. The ACtdil collection efficiencies as well
681 as sample representativeness should be evaluaetsiagther common methods. Our
682  work just provides an overall glimpse of air toxycdifferences across the global
683 cities, and a more guantitate assessment wouldreetpoth higher temporal and
684  spatial resolution with controlled influencing fart. The results obtained herein

685  highlight the importance in optimizing current ajuality control measures by
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considering both biologicals and toxicity factorRii.

Supporting Information

The supporting information includes the followiradpkes:

Tables:

Table S1

Meteorological conditions in 19 sampling cities;

Table S2

Spearman’s correlations of endotoxin fractions ki With bacteria/fungal levels
and the mass concentrations of BMnd PMg across world cities;

Table S3

Spearman’s correlations of NIOG values with biotadjifractions and the mass
concentrations of P and PMg across world cities;

Table S4

Friedman Tests of Xi'an Pp4-contained trace elements in PMsamples among
2004, 2009 and 2014 during summer and winter, csedy;

Table S5

Spearman’s correlations of Xi'an BMINIOG values with PMls-borne bacteria
(PM, 5 sample size: 72) and different RPMborne trace elements in summer and
winter (PM s sample size: 36);

Figures:

Fig. S1

The correlation of the average ratio of culturdiéeteria to fungi (B/F ratio) in
ambient PM samples from 19 cities with annual ayenselative humidity (RH) and
annual precipitation of these 19 cities;

Fig. S2

24-hour average PM mass concentrations in 2004, 2009 and 2014; sakd
population density of Xi'an city in 2004, 2009 akdl14 according to Xi'an Statistical
Yearbook (2005, 2010 and 2015); shadow zone: tlelydeating seasons (from

November 15 to March 15) in Xi'an.
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Fig. S3

Concentrations of PM2.5-borne total bacteria in£02009 and 2014; shadow
zone: the yearly heating seasons (from Novembéo March 15) in Xi'an.

Excel files:

Excel file S1

The information of total Pis samples collected in Xi'an, China.

Excel file S2

The statistical data for energy consumption and geéemanent population in

Xi'an, China from 2004 to 2014.

Acknowledgements

This study was supported by the NSFC Distinguishedng Scholars Fund
Awarded to M. Yao (21725701), and the National KatiBcience Foundation of
China (Grants 91543126, 21611130103, 21477003, 140, the Ministry of
Science and Technology (grants 2016YFC0207102, @BE53401, and
2015DFG92040). We thank Piotr Grzybowsi for helphvthe sample collection. We
also thank the “Gao Tingyao Scholarship for Natidbatstanding Young Award” to
Jing Li from Shanghai Tongji Gao Tingyao EnvironrterScience & Technology

Development Foundation.

Competing Financial Interests
The authors declare no competing financial interest association with this

study.

References
Bell, M. L.; Francesca, D.; Keita, E.; Scott, L.; ZJonathan, M. S. Spatial and

temporal variation in PMs chemical composition in the United States for tieal
effects studiesEnviron. Health Persp2007, 115, 989-995.

Beutler, B.; Rietschel, E. T. Innate immune sensamgl its roots: the story of
endotoxin.Nat. Rev. ImmunoR003 3, 169-176.

Brook, R. D.; Rajagopalan, S.; Pope lll, C. A.; 8koJ. R.; Bhatnagar, A.; Diez-Roux,
28



747 A. V.; Holguin, F.; Hong, Y.; Luepker, R. V.; Migman, M. A.; Peters, A.;

748 Siscovick, D.; Smith, S. C.; Whitsel, L.; Kaufmah, D. Particulate matter air
749 pollution and cardiovascular disease: An updatthéoscientific statement from
750 the American Heart Associatio@irculation201Q 121, 2331-2378.

751  Calvo, A. |.; Alves, C.; Castro, A.; Pont, V.; Vite, A. M.; Fraile, R. Research on
752 aerosol sources and chemical composition: Pasteruand emerging issues.
753 Atmos. Rex2013 120-121, 1-28.

754  Cao, J. J.,, Wu, F; Chow, J. C.; Lee S. C. Charnizettton and source apportionment
755 of atmospheric organic and elemental carbon dui@tigand winter of 2003 in
756 Xi'an, China Atmos. Chem. Phy2005 5, 3127-3137.

757  Charrier, J. G.; Richards-Henderson, N. K.; BeinJK McFall, A. S.; Wexler, A. S,;
758 Anastasio, C. Oxidant production from source-oedrparticulate matter - Part 1.:
759 Oxidative potential using the dithiothreitol (DT Bssay.Atmos. Chem. Phys.
760 2015 15, 24149-24181.

761  Chen, H.; Li, J.; Zhang, X.; Li, X.; Yao, M.; Zhends. Automated in vivo
762 nano-sensing of breath-borne protein biomarkedano Lett. 201§ 18,
763 4716-4726.

764  Chow, J. C.; Fairley, D.; Watson, J. G.; DeManée|,Fujita, E. M.; Lowenthal, D. H.;
765 Lu, Z.; Frazier, C. A.; Long, G.; Cordova, J. SaApportionment of Wintertime
766 PMyp at San Jose, Calid. Environ. Eng1995 21, 378-387.

767  Chung, M. Y.; Lazaro, R. A.; Lim, D.; Jackson, liypn, J.; Rendulic, D.; Hasson, A.
768 S. Aerosol-borne quinones and reactive oxygen speggneration by particulate
769 matter extract€nviron. Sci. Techno2006 40, 4880-4886.

770  Di, A.; Gao, X.-P.; Qian, F.; Kawamura, T.; Han,Hecquet, C.; Ye, R. D.; Vogel, S.
771 M.; Malik, A. B. The redox-sensitive cation chann€RPM2 modulates
772 phagocyte ROS production and inflammatibiat. Immunol2011, 13, 29.

773  Fang, T.; Guo, H. H.; Verma, V.; Peltier, R. E.; We R. J. PMs water-soluble
774 elements in the southeastern United States: autoimanalytical method
775 development, spatiotemporal distributions, sourcg@podionment, and
776 implications for heath studiedtmos. Chem. Phy2015 15, 11667-11682.

777  GB/T 14506.30-2010. Methods for Chemical AnalysfsSilicate Rocks-Part 30:
778 Determination of 44 Elements. Beijing: General Adisiration of Quality
779 Supervision, Inspection and Quarantine of the ReE®pRepublic of China,

780 Standardization Administration of the People’s R#jguof China,201Q
29



781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814

GB3095-2012. Ambient air quality standards in Chirgeijing: Ministry of
Environmental Protection, General Administration Quality Supervision,
Inspection and Quarantine of the People's Repoblihina,2012

Guan, T.; Yao, M.; Wang, J.; Fang, Y.; Hu, S.; Wavig Dutta, A.; Yang, J.; Wu, Y.;
Hu, M.; Zhu, T. Airborne endotoxin in fine partiatié matter in BeijingAtmos.
Environ.2014 97, 35-42.

Han, Y. M.; Cao, J. J.; Lee, S. C.; Ho, K. F. Diffet characteristics of char and soot
in the atmosphere and their ratio as an indicatosburce identification in Xi'an,
China.Atmos. Chem. Phy2009 9, 1487-1495.

Heinrich, J.; Pitz, M.; Bischof, W.; Krug, N.; BotrR. J. A. Endotoxin in fine (P)4)
and coarse (PWk.19 particle mass of ambient aerosols. A temporoiabpat
analysisAtmos. Environ2003 37, 3659-3667.

Hsu, H. Y.; Wen, M. H. Lipopolysaccharide-mediate@ctive oxygen species and
signal transduction in the regulation of interleulli gene expressiod. Biol.
Chem.2002 277, 22131-22139.

Hu, W.; Downward, G. S.; Reiss, B.; Xu, J.; Basdy, A.; Hosgood Ill, H. D.;
Zhang, L.; Seow, W. J.; Wu, G.; Chapman, R. SnTia; Wei, F.; Vermeulen, R.;
Lan, Q. Personal and indoor RMexposure from burning solid fuels in vented
and unvented stoves in a rural region of China withigh incidence of lung
cancerEnviron. Sci. TechnoR014 48, 8456—8464.

Huang, P.; Zhang, J. Y.; Tang, Y. X.; Liu, L. Spatind temporal distribution of P
pollution in Xi‘an city, Chinalnt. J. Env. Res. Pub. He&015 12, 6608-6625.
Huang, S.-L.; Hsu, M.-K.; Chan, C.-C. Effects of beucrometer particle
compositions on cytokine production and lipid pedaxion of human bronchial

epithelial cellsEnviron. Health Pers 2013 111, 478-482.

Huang, W.; Cao, J. J.; Tao, Y. B.; Dai, L.Z.; Lu, 5; Hou, B.; Zhu, T. Seasonal
variation of chemical species associated with stesrh mortality effects of
PM,sin Xi'an, a central city in Chingdm. J. Epidemiol2012,175, 556-566.

Jones, A. M.; Harrison, R. M. The effects of metdagical factors on atmospheric
bioaerosol concentrations - A revieSci. Total. Environ2004 326, 151-180.

Kleeman, M. J.; Riddle, S. G.; Robert, M. A.; Ja&nI. A.; Fine, P. M.; Hays, M. D.;
Schauer, J. J.; Hanningan, M. P. Source Apportionnoé Fine (PM.g and
Ultrafine (PMy.1) Airborne Particulate Matter during a Severe Wirfé@llution

Episode Environ. Sci. TechnoR009 43, 272-279.
30



815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848

Kramer, A. J.; Rattanavaraha, W.; Zhang, Z.; G@&d, Surratt, J. D.; Lin, Y. H.
Assessing the oxidative potential of isoprene-a&tiepoxides and secondary
organic aerosolAtmos. Environ2016 130, 211-218.

Kinzli, N.; Mudway, I. S.; Gotschi, T.; Shi, T.; Ke F. J.; Cook, S.; Burney, P.;
Forsberg, B.; Gauderman J. W.; Hazenkamp, M. Einrtd, J.; Jarvis, D.;
Norback, D.; Payo-Losa, F.; Poli, A.; Sunyer, Jor8 P. J. A. Comparison of
Oxidative Properties, Light Absorbance, and Totald aElemental Mass
Concentration of Ambient P Collected at 20 European Sit&viron. Health
Persp.2006 114, 684-690.

Laden, F.; Neas, L. M.; Dockery, D. W.; SchwartzA3sociation of fine particulate
matter from different sources with daily mortality six U.S. cities.Environ.
Health Persp200Q 108, 941-947.

Lelieveld, J.; Evans, J. S.; Fnais, M.; GiannadBkj,Pozzer, A. The contribution of
outdoor air pollution sources to premature mogatih a global scaleNature
2015 525, 367-371.

Li, J.; Cao, J.; Zhu, Y.-G.; Chen, Q.-L.; Shen, Wy, Y.; Xu, S.; Fan, H.; Da, G,;
Huang, R.-J.; Wang, J.; de Jesus, A. L.; MorawskaChan, C. K.; Peccia, J.;
Yao M. Global survey of antibiotic resistance gemeair. Environ. Sci. Technol.
2018 52, 10975-10984.

Li, J.; Li, M.; Shen, F.; Zou, Z.; Yao, M.; Wu, @.-Characterization of Biological
Aerosol Exposure Risks from Automobile Air Conditing SystemEnviron. Sci.
Technol2013 47, 10660-10666.

Li, N.; Sioutas, C.; Cho, A.; Schmitz, D.; Misra,; Sempf, J.; Wang, M.; Oberley, T.;
Froines, J.; Nel, A. Ultrafine particulate pollutaninduce oxidative stress and
mitochondrial damagéd=nviron. Health Pers 2003 111, 455-460.

Li, Q.; Wyatt, A.; Kamens, R. M. Oxidant generatiand toxicity enhancement of
aged-diesel exhaugitmos. Environ2009 43, 1037-1042.

Liebers, V.; Raulf-Heimsoth, M.; Bruning, T. Healtbffects due to endotoxin
inhalation (review)Arch. Toxicol.2008 82, 203-210.

Lighthart, B.; Shaffer, B. T. Airborne Bacteria the Atmospheric Surface Layer:
Temporal Distribution above a Grass Seed Figftpl. Environ. Microb1995 61,
1492-1496.

Lippmann M, Chen L C, Gordon T, et al. National tRée Component Toxicity

(NPACT) Initiative: Integrated epidemiologic andximologic studies of the
31



849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882

health effects of particulate matter componeriesearch Repqrt2013
177(177):5-13.

Liu, Q.; Liu, Y.; Yin, J.; Zhang, M.; Zhang, T. Cimécal characteristics and source
apportionment of PM, during Asian dust storm and non-dust storm days i
Beijing. Atmos. Environ20143 91, 85-94.

Liu, Q.; Baumgartner, J.; Zhang, Y.; Liu, Y.; Suf;, Zhang, M. Oxidative potential
and inflammatory impacts of source apportioned ami&ir pollution in Beijing.
Environ. Sci. TechnoR014h 48, 12920-12929.

Ma, Y.; Wang, Z.; Tan, Y.; Xu, S.; Kong, S.; Wu,;®Vu, X.; Li, H. Comparison of
inorganic chemical compositions of atmospheric TS, and PM s in northern
and southern Chinese coastal citiesEEnviron. Sci2017, 55(5):, 339-353

Manzano-Lebn, N.; Serrano-Lomelin, J.; SanchezNB. Quintana-Belmares, R.;
Vega, E.; Vazquez-Lépez, |.; Rojas-Bracho, L.; Lopélegas, M. T,
Vadillo-Ortega, F.; De Vizcaya-Ruiz, A.; Rosas Reré.; O'Neill, M. S,
Osornio-Vargas, A. R. TNFFand IL-6 responses to particulate matter in vitro:
variation according to PM size, season, and pohcwaromatic hydrocarbon and
soil contentEnviron. Health Pers@016 124, 406-412.

Mcwhinney, R. D.; Badali, K.; Liggio, J.; Li, S. MAbbatt, J. P. Filterable redox
cycling activity: a comparison between diesel exstbauarticles and secondary
organic aerosol constituengnviron. Sci. TechnoR013 47, 3362-3369.

Mueller-Anneling, L.; Avol, E.; Peters, J. M.; T, P. S. Ambient endotoxin
concentrations in PN from Southern CaliforniaEnviron. Health Persp2004
112, 583-588.

Nadkarni, M. A.; Martin, F. E.; Jacques N. A.; HentN. Determination of bacterial
load by real-time PCR using a broad-range (uniVeqs@be and primers set.
Microbiology, 2002 148, 257-266.

Samake, A.; Uzu, G.; Matrtins, J. M. F,; Calas, ¥Ance, E.; Parat, S.; Jaffrezo, J. L.
The unexpected role of bioaerosols in the OxidaBetential of PM.Sci. Rep.
2017, 7, 10978.

Schins, R. P.; Lightbody, J. H.; Borm, P. J.; Shi, Donaldson, K.; Stone, V.
Inflammatory effects of coarse and fine particule@tter in relation to chemical
and biological constituent$oxicol. Appl. Pharm2004 195, 1-11.

Simon, F.; Fernandez, R. Early lipopolysacchariticed reactive oxygen species

production evokes necrotic cell death in human linabivein endothelial cellsl.
32



883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916

Hypertens2009 27, 1202-1216.

Sorensen, M.; Daneshvar, B.; Hensen, M.; Dragdte@.; Hertel, O.; Knudsen, L.;
Loft, S. Personal Pl exposure and markers of oxidative stress in blood.
Environ. Health Persg2003 111, 161-165.

Strak, M.; Janssen, N. A.; Godri, K. J.; GosensMudway, I. S.; Cassee, F. R.;
Lebret, E.; Kelly, F. J.; Harrison, R. M.; Brune&feB.; Steenhof, M.; Hoek, G.
Respiratory health effects of airborne particulagtter: the role of particle size,
composition, and oxidative potential-the RAPTESjgeb Environ. Health Persp.
2012 120, 1183-1189.

Suffredini, A. F.; Fromm, R. E.; Parker, M. M.; Bireer, M.; Kovacs, J. A.; Wesley, R.
A.; Parrillo, J. E. The cardiovascular response nokmal humans to the
administration of endotoximN. Engl. J. Med1989 321, 280-287.

Tager, |. B.; Lurmann, F. W.; Haight, T.; Alcorn,; ¥enfold, B.; Hammond, S. K.
Temporal and spatial patterns of ambient endot@xincentrations in Fresno,
California.Environ. Health Pers201Q 118, 1490-1496.

Takano, H.; Yanagisawa, R.; Ichinose, T.; SadakKneYoshino, S.; Yoshikawa, T.;
Morita, M. Diesel exhaust particles enhance lungirin related to bacterial
endotoxin through expression of proinflammatoryokytes, chemokines, and
intercellular adhesion molecule-Am. J. Respir. Crit. Care Me®002 165,
1329-1335.

Tuomisto J T, Wilson A, Evans J S, et al. Uncettain mortality response to airborne
fine particulate matter: Combining European airlygan experts.Reliability
Engineering and System Safét908 93(5):732-744.

U.S. EPA. National Ambient Air Quality StandardsANQS). Washington D. C.:
United States Environmental Protection Agerzfj.2

Vaitilingom, M.; Charbouillot, T.; Deguillaume, LMaisonobe, R. Atmospheric
chemistry of carboxylic acids: microbial implicatioversus photochemistry.
Atmos. Chem. Phy2011, 11, 8721-8733.

Vaitilingom, M.; Deguillaume, L.; Vinatier, V.; Saalme, M.; Amato, P.; Chaumerliac,
N.; Delort, A. M. Potential impact of microbial adty on the oxidant capacity
and organic carbon budget in clouBsoc. Natl. Acad. Sck013 110, 559-564.

Verma, V.; Fang, T.; Xu, L.; Peltier, R. E.; Russél. G.; Ng, N. L.; Weber, R. J.
Organic aerosols associated with the generatioaattive oxygen species (ROS)

by water-soluble PMs. Environ. Sci. TechnoR015 49, 4646-4656.
33



917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950

Wang, Y.; Hopke, P. K. A ten-year source apportientnstudy of ambient fine
particulate matter in San Jose, Californftmos. Pollut. Res2013 4(4),
398-404.

Weichenthal, S. A.; Lavigne, E.; Evans, G. J.; Géullitt, K. J.; Burnett, R. T. Fine
Particulate Matter and Emergency Room Visits fosg@tory lliness. Effect
Modification by Oxidative Potentialhm J Respir Crit Care Med®0163 194,
577-586.

Weichenthal, S.; Lavigne, E.; Evans, G.; Pollitt, Burnett, R. T.. Ambient Pp% and
risk of emergency room visits for myocardial inféwa: impact of regional Pl
oxidative potential: A case-crossover studlgviron. Health2016hQ 15, 46.

WHO. WHO air quality guidelines for particulate @t ozone, nitrogen dioxide and
sulfur dioxide. Global update 2005: Summary of Rsisessment. Geneva: World
Health Organizatior2005

WHO. WHO global urban ambient air pollution databa&eneva: World Health
Organization2016

Wu, Y.; Wang, R. J.; Zhou, Y,; Lin, B. H.; Fu, L.,XHe, K. B.; Hao, J. M. On-road
vehicle emission control in Beijing: past, preseand future.Environ. Sci.
Technol.2011, 45, 147-153.

Xi'an Municipal Bureau of Statistics and NationallBau of Statistics Survey Office
in Xi'an. Xi'an Statistical YearboolBeijing: China Statistics Pres®)05-2015
Yao, M.; Wu, Y.; Zhen, S.; Mainelis, G. A compamsof airborne and dust-borne
allergens and toxins collected from home, officd antdoor environments both

in New Haven, United States and Nanjing, Chidarobiologia 2009 25,
183-192.

Yi, S. M.; Hwang, J. J. Source Identification angtilbation of Source Apportionment
for Ambient PMy in Seoul, KoreaAsian Journal of Atmospheric Environment
2014 8, 115-125.

Yin, P.; Brauer, M.; Cohen, A.; Burnett, R. T.; Lili; Liu, Y.; Liang, R.; Wang, W.; Qi,
J.; Wang, L.; Zhou, M. Long-term Fine Particulateatddr Exposure and
Nonaccidental and Cause-specific Mortality in a dearNational Cohort of
Chinese MenEnviron. Health Persg2017, 125, 117002.

Yue, Y.; Chen, H.; Setyan, A.; Elser, M.; Dietrich, M.; Li, J.; Zhang, T.; Zhang, X.;
Zheng, Y.; Wang, J.; Yao, M. (2018). Size-Resolved Endotoxin and Oxidative

Potential of Ambient Particles in Beijing and Ziri&€nviron. Sci. Technol2018
34



951
952
953
954
955
956
957
958

959

52, 6816-6824.

Zhang, R.; Jing, J.; Tao, J.; Hsu, S.-C.; WangGag, J.; Lee, C. S. L.; Zhu, L.; Chen,
Z.; Zhao, Y.; Shen, Z. Chemical characterizatiod apurce apportionment of
PM s in Beijing: Seasonal perspectivimos. Chem. Phy2013 13, 7053-7074.

Zhong, J.; Urch, B.; Speck, M.; Coull, B. A.; Kaaitis, P.; Thorne, P. S.; Scott, J.; Liu,
L.; Brook, R. D.; Behbod, B.; Gibson, H.; Silverman; Mittleman, M. A;;
Baccarelli, A. A.; Gold, D. R. Endotoxin arf$#1,3-D-Glucan in concentrated
ambient particles induce rapid increase in blooglsgure in controlled human
exposuresHypertensior2015 66, 509-516.

35



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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