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Abstract
Fine particulate matter (PM2.5) is the leading public health risk factor of global
disease burden, which has caused 4.2 million deaths in 2015. This thesis aims to
improve the scientific understanding on the sources and health impacts of PM 2.5 in
Hong Kong. Various chemical and biological analytical techniques were applied to
characterize the chemical and toxicological properties of PM2.5 samples collected in
Hong Kong during 2011-2012. Positive matrix factorization (PMF), together with the
quantified chemical markers and water-soluble PM2.5-induced reactive oxygen species
(ROS) activity as the input matrix, was performed to apportion the source-specific
contributions to ambient organic carbon (OC) and the oxidative potential of
water-soluble PM 2.5. Zebrafish was applied as in-vivo model to evaluate the
PM2.5-induced differential expression genes (DEGs). An L2-normaliztion integrated
PMF was developed and applied to quantitatively assess the ability of PM2.5 to
induced DEGs in relation to various sources and chemical compositions of PM2.5. The
main findings are summarized below:
(1) Thirty nine primary organic aerosol (POA) and secondary organic aerosol (SOA)
markers of various anthropogenic (i.e. biomass burning (BB)) and biogenic
sources (i.e. isoprene, monoterpenes and β-caryophyllene) were identified and
quantified. High levels of OC and SOA markers were observed on regional
pollution days than long regional transport (LRT) pollution and local emissions
days. A kinetic model (Kintecus) was applied to explore the major formation
channels of isoprene SOA, and it was found that isoprene SOA was mainly
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formed through the ring-opening reaction of isoprene epoxydiols (IEPOX) in
Hong Kong.
(2) PMF analysis, together with the chemical markers measured in Chapter 1 &2, was
performed to evaluate the sources of OA in Hong Kong. Sea salt, marine vessels,
vehicle emissions, BB/SOA, SOA, and secondary sulfate (SS) were apportioned
as the major sources of ambient OC in Hong Kong. Secondary formation,
including SOA, BB aging and SS sources, was found to be the major contributor
to OC (~51%) throughout the whole year. BB was the major anthropogenic
contributor to OC on regional days (28.8%); while marine vessel was the
dominated primary source of OC on local days (33.2%). SOC concentrations were
estimated using a tracer-based method (SOCTBM) and PMF (SOCPMF). Both
SOCTBM and SOCPMF showed highest concentrations on regional days (SOCTBM:
0.74 µg m-3; SOCPMF: 3.27 µg m-3). Among all SOA precursors, monoterpenes had
the most abundant contribution (40.9%) to SOCTMB during the whole year.
Moreover, sulfate has significant impacts on SS-related SOC and SOA from
monoterpenes and naphthalene. Particle acidity (H P+) showed correlation with
SOC from BB aging. These results provide us a quantitative understanding on the
SOA origins in the region, which lays a foundation for the source apportionment
of PM2.5-induced toxicity in the following chapters.
(3) Cell-free dithiothreitol (DTT) and ·OH generation assays were applied to measure
the ROS activity induced by water-soluble PM 2.5 collected in Hong Kong during
2011-2012. Different levels of ROS activity were observed for different chemical
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fractions of PM2.5 and PM2.5 from various sources. Six factors, i.e. SS, BB, SOA,
vehicle emissions, marine vessels and metal factors were apportioned by PMF as
the major sources of water-soluble PM 2.5 induced ROS potential. Metal factors
was found to be the major contributor to both DTT activity (39.1%) and ·OH
generation ability (84.5%) throughout the year, especially on LRT (DTT:
54.8%; ·OH generation: 91.1%) and regional days (DTT: 53.9%; ·OH generation:
87.7%). On local days, contribution of marine vessels to DTT oxidation become
more significant (48.7%), however its contribution to ·OH generation is negligible.
Metal factors is by far the most significant contributor to ·OH generation, even on
local days (73.1%). It is interesting to note that all six PMF-resolved sources are
associated with DTT oxidation, however only three sources (i.e. metal factor,
vehicle emissions and SOA) showed contributions to ·OH generation. Moreover,
among these six sources, marine vessels exhibited the highest intrinsic DTT
ability; while metal factor was the most effective source in ·OH generation.
(4) Zebrafish embryo (AB strain) was applied as the in-vivo model to assess PM 2.5
toxicity in Hong Kong through genome-wide gene transcriptional analysis. The
results showed that embryonic exposure to PM2.5 could induce remarkable
changes in gene expression patterns in zebrafish. DEGs between PM 2.5 extract
treated and untreated zebrafish embryo samples were identified, and they were
found mainly associated with responses to xenobiotic stimulus, and muscle and
heart development and functions. The correlation analysis between co-expressed
gene modules and chemical species of PM2.5 implied the different chemical
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compositions and sources of PM2.5 have significant influences on the
PM2.5-induced biological responses.
(5) An L2-normalizaiton integrated PMF was developed to analyze the high
throughput biological and chemical data simultaneously, which quantitatively
evaluated the ability of PM2.5 to induce DEGs in relation to sources and
compositions. In this chapter, nine sources associated with PM2.5-induced DEGs
were well apportioned, i.e. fresh sea salt, aged sea salt, SS, SOA, BB, coal
combustion, vehicle emissions, marine vessels and metal factors. Among these
sources, metal factors (annual mean: 26.5%, range: 17.6-39.3%) and vehicle
emissions (annual mean: 16.3%, range: 0.0-25.3%) are the two leading
contributors to PM2.5-induced DEGs levels. PM2.5 from combustion related
sources (e.g. vehicle emissions, metal factors, BB) and sea salt exhibited stronger
ability to induce DEGs than those from secondary sources. Although secondary
formation (including SOA and SS) has a significant contribution to ambient PM2.5
(12 μg m-3, 40%), its capacity of DEGs induction is quite low. Moreover, several
biological functions and pathways influenced by PM2.5 from various sources have
also been well evaluated.
In this study, large scales of biological and chemical data were analyzed for the
first time by a L2-normalizaiton integrated PMF to apportion the PM2.5-induced DEGs,
and this thesis work firstly reported the major sources of water-soluble PM2.5-induced
ROS in Hong Kong. Results from this study provide a scientific basis for the
prediction of PM2.5-associated adverse health outcomes and can help the policy
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makers to formulate cost-effective and targeted PM2.5 mitigation strategies to protect
public health.
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Chapter 1
General Introduction
Fine particulate matter (PM2.5) is a kind of inhalable particle, with diameter equal
to or even less than 2.5 μm (Figure 1.1). PM2.5 is the major cause of various
environmental issues, such as air pollution, visibility degradation and climate change.
In addition, PM 2.5 can pass the upper respiratory region and get deeper into human
lungs, resulting in multiple adverse health impacts, such as cardiopulmonary and
respiratory diseases. Therefore, in order to a have a better control of PM2.5 pollution, a
comprehensive understanding of the chemical composition, toxicity capacity, and
sources of PM2.5 is needed.

1.1 Chemical composition and sources of organic aerosol in PM2.5
Globally, organic aerosols (OA) account for a large portion of ambient PM 2.5
(Kanakidou et al., 2005; Van Dingenen et al., 2004; Zhang et al., 2007), even up to 90%
of total PM 2.5 mass in some rural areas (Zhang et al., 2007) (Figure 1.2). Ambient
organic aerosols can be either directly emitted or secondarily formed. Primary organic
aerosol (POA) refers to directly emitted from various natural and anthropogenic
sources, such as sea salt, biomass burning (BB), vehicle emissions, coal combustion,
etc. Many studies have been carried out to explore the formation mechanisms of
secondary organic aerosol (SOA). It is found that SOA is formed not only through the
atmospheric oxidation of volatile organic compounds (VOCs) and the subsequent
aging and gas-particle partition, but also from the acid-catalyzed particle phase
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reactions (i.e. hydration , aldol-condensation and oligomerization). Studies have
revealed that a major fraction of OA are secondary formed, 50 to 90% of the organic
fractions in the regional and urban PM 2.5 are contributed to SOA (Lim and Turpin,
2002; Turpin and Huntzicker, 1995). However, given the complex chemical
composition of SOA, the contributions from individual biogenic and anthropogenic
VOCs to SOA is not clear. Thus, identification of OA sources and quantifying the
relative contributions to OA from different emission sources, especially the source
contributions to SOA, are essential initial steps of air pollution management.
Many efforts have been made to identify the primary and secondary OA sources
and quantify their contributions by two receptor models, namely chemical mass
balance (CMB) and positive matrix factorization (PMF) (Hu et al., 2010; Huang et al.,
2014; Schauer et al., 2007; Simoneit, 1999; Stone et al., 2009; Zheng et al., 2005).
Accurate solutions of CMB largely depend on the representativeness of the source
profiles at the reported site. However, CMB is often inappropriate to apportion OC for
which sources are unknown or not well defined. For example, even with the
incorporation of SOA tracers into CMB modeling, a significant fraction of OC
remains unapportioned, suggesting that better representation of SOA is required in
this model (Stone et al., 2009). Unlike CMB, PMF does not require the emission
source profiles or chamber data as input, it only relies on the distribution of specific
source makers in different factors to identify the sources. PMF can be illustrated
mathematically as:

2

p

x ij = ∑ g i k f k j + e ij
k=1

where x ij is the measured concentration of jth species in the ith sample, e ij is the
residual concentration for each measurement, gik is source contributions of kth factor
to the ith sample, and fkj is the factor loading of jth species in the kth factor.
According to the decomposition of input matrix, two matrices can be obtained.
They are the factor profiles (F) and factor contributions (G). F matrix is applied for
the identification of the sources’ physical meanings; while G matrix is used for the
observation of the source emissions inventories (Figure 1.3).
A SOA tracer based method (SOCTBM) is usually applied to estimate SOA
contributions using SOA tracers from various VOCs (e.g. isoprene, monoterpenes,
β-caryophyllene and naphthalene). Ratios of tracer-to-SOA mass fraction obtained
from laboratory chamber experiments were applied (Kleindienst et al., 2012, 2009).
However, SOCTBM could only be used in estimating SOA contributions from
measured SOA tracers (Ding et al., 2014) and it would underestimate the actual SOC
in the ambient due to the lack of tracer-to-SOA ratio values for some specific
precursors. Therefore, in this study, besides using SOC TMB to assess the SOC, PMF
was also applied to evaluate the SOC contributions and a more accurate source
characterization of SOC can be provided.
Furthermore, many studies found anthropogenic emissions (i.e. NOx and SO2)
have a great impact on the formation of SOA from biogenic precursors (Hallquist et
al., 2009; Kroll and Seinfeld, 2008; Surratt et al., 2010b). Despite the intense
laboratory researches suggested SOA formation is driven by the anthropogenic
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emissions, only limited proposed results are consistent with the ambient observations.
In this study, with the well calculated SOC data in PMF analysis, we can also assess
the anthropogenic impacts on secondary formation.

Figure 1.1 Decomposition of input matrix in PMF analysis.

1.2 PM2.5-associated toxicity
Many epidemiological studies have found that exposure to PM2.5 is connected to
a variety of cardiopulmonary and respiratory disease (Gass et al., 2015; Hennig et al.,
2014; Krall et al., 2017; Ostro et al., 2016; Sarnat et al., 2008; Zhou et al., 2011).
Increasing evidences suggested that these health effects are initially induced by the
redox active chemical components of PM2.5, which generate excessive reactive
oxygen species (ROS) and the subsequent oxidative stress in affected cell of human
body (Ayres et al., 2008; Li et al., 2008; Weichenthal et al., 2016). ROS refers to a
group of oxygen-containing free radicals and reactive molecules with strong oxidizing
ability, such as hydroxyl radical (∙OH), superoxide anions (O2-•), hydrogen peroxide
(H2O2), organic peroxy radical (ROO∙), organic hydroperoxides (ROOH) and so on.
(See et al., 2007). There are two possible mechanisms that lead to the PM-associated
ROS formation. One is through the catalytical reduction of hydroperoxide to hydroxyl

4

radical (i.e. Fenton reaction), where transition metals (e.g. Fe and Cu) serve as the
catalyst (Tao et al., 2003). The other is through the sequence of metabolism in the cell,
in which both transition metals and some organic compounds in PM can participate in
the redox cycling to create ROS (Xiong et al., 2017; Yu et al., 2018). Lin et al. and
Ma et al. found that Humic-like substances (HULIS), a hydrophobic fraction of
water-soluble PM 2.5, could generate ROS in the cell-free ROS assay (Lin and Yu,
2011; Ma et al., 2018). Kumagai et al. reported the production of superoxide and
hydroxyl radical as a result of reduction of quinones contained in diesel exhaust
particles by NADPH-cytochrome P450 reductase (Kumagai et al., 1997). Naphthalene
SOA was also found to be the ROS active (Mcwhinney et al., 2013). However, given
the complexity of PM 2.5 components and sources, information about the association
between PM2.5 sources and PM2.5-induced oxidative stress is still limited.
In addition to its ROS, the genotoxicity of PM2.5 has also been explored.
Modulation of genes plays a significant role in the activation of the toxic pathways.
Therefore, the gene signatures can serve as the biomarkers of PM2.5 exposure induced
toxicity in cell or animal models. Many researches reported the change of the
PM2.5-induced expression alternation (e.g. ahrr, aldhla3, thiparp, cyp1b1, cyp1a1)
driven by cyp enzyme activation and the ROS-related genes (e.g., sod-2, sod-3) could
also be mutated by PM 2.5. The analysis of mRNA and microRNA changes in A549
that exposed to organic and water soluble extracts of PM2.5, further illustrated that the
regulation of cell cycle can be simulated through the predicted target genes (Gualtieri
et al., 2012).
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However, the data on the gene expression induced by PM 2.5 is still limited,
especially those related to the multi-organ mechanism in living organisms. A
comprehensive evaluation of the gene expression induced by PM2.5 requires the
environmental health implications from human being. Recently, zebrafish has been
used as a popular model for studying PM2.5 toxicity because of its inexpensive
husbandry, sensitive to the chemical toxicity and similarity with the genomics of
humans. Using PM 2.5-exposed zebrafish, Duan et al. found that PM 2.5 is associated
with the metabolism of xenobiotics through cytochrome P450 (e.g., cyp3a65, mgst2,
gstp1, gsto2, gsto1, cyp1a, ehx1, gstal and aldh3b1) (Duan et al., 2017b). The PM 2.5
induced differential expression genes are responsible for the myocardial infarction,
atherosclerosis, progression of cancers, impaired vasorelaxation, deregulation of
metabolism, autophagy and immune responses. However, the investigation with
limited PM 2.5 samples cannot offer a very detailed and systematic overview of the
gene expression modulated by PM 2.5 and further evaluation about the influence of
PM2.5 sources and chemicals composition on gene expression is still needed.

1.3 Source apportionment methods to apportion the sources of
PM2.5-induced biological responses
Source apportionments of PM2.5-induced biological responses provide not only
the knowledge of sources influences on PM2.5-induced adverse health effects, but also
the essential information for the policy makers to make a more efficiency strategies
for source specific PM2.5 control.
As I mentioned above, PMF was used successfully for the source apportionment
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of OA in PM2.5. However, only a limited number of studies attempt to apportion the
source of PM 2.5-induced toxic data by using PMF. The approaches applied in these
studies can be classified into two categories. First is to perform multiple linear
regression (MLR) to regress the F matrix against the toxic data measured by
PM2.5-exposured experiment (Figure 1.4 (a)). However, the toxic distribution in
various sources cannot be quantitatively evaluated through this method and
uncertainties (e.g., overfitting) of the regression model can not be avoided. The
second one is to combine the toxic and chemical data together as the input matrix and
directly put them into PMF (Figure 1.4 (b)). The disadvantage of this method is that it
only can be applied for the toxic data measured through the cell-free assay. Cell-free
toxic assay is on the basis of the direct chemical reaction between the chemical
components and toxic probe, so it can be assumed that toxic and chemical matrices
have the similar dimensional data sets. Generally, biological and chemical data serve
as two distinct datasets with their own special information. They have different
dimensions, scales and sizes. Table 1.1 presents different examples of such data types.
If we apportion the sources of PM2.5-induced biological responses through the second
method, outliers which tend to cause overfitting will appear. Then we will fail to
capture the associations between biological and chemical data. Therefore, there is a
strong need for a developed PMF model that can deal with the different data types and
deeply explore the associations between PM2.5 sources and PM2.5-induced biological
responses.
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Figure 1.2 Source apportionment methods to apportion the sources of PM2.5-induced
biological responses.

Table 1.1 Examples of high-dimensional data types
Field

Object

Bioinformatics

Tissue samples

Data types
Gene expression, microRNA, genotype,
protein activity

Atmospheric science

Locations

Temperature, humidity, particle
concentrations, chemical species in
particles, emission sources
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Chapter 2 Characterization of SOA and other polar
oxygenated organic compounds in ambient aerosols at a
urban site in Hong Kong
2.1 Introduction
Organic compounds constitute a significant fraction of atmospheric particulate
matter (PM), and a comprehensive understanding of their impacts on environmental
issues and adverse health impacts requires a detailed characterization of their
compositions. As a large fraction of organic aerosol (OA), secondary organic aerosol
(SOA) are produced by secondary reactions of Volatile organic compounds (VOCs).
On a global scale, the annual emissions of biogenic VOCs were estimated to be 1150
TgC/yr, consisting of 44% isoprene and 11% monoterpenes (Guenther et al., 1995).
Thus terpene emissions from vegetation has been recognized as important precursors
of SOA(Guenther et al., 1995). Isoprene, monoterpenes, β-caryophyllene were
identified and quantified in both laboratory-generated SOA and PM2.5 samples
collected in Hong Kong, mainland China, United States, and Europe. Specific SOA
tracers can provide insight on precursors and processes influencing SOA
formation(Jaoui et al., 2007, 2004; Lin et al., 2013; Szmigielski et al., 2007).
Moreover, isoprene is considered as the largest nonmethane hydrocarbon source
emitted in to the atmosphere (500-750 Tg yr-1) (Davis et al., 2006). Isoprene epoxides
play a key role in isoprene SOA formation. Under low NO x or NOx free conditions
(HO2-channel), isoprene reacts with the hydroxyl radical (∙OH) and the hydroperoxyl
radical (HO2) to form hydroxyl hydroperoxides (ISOPOOH) and then isoprene
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epoxydiols (IEPOX) in the gas phase(Isoprene et al., 2009). The reactive uptake of
IEPOX on acidic particles produces low-NOx isoprene SOA specids, including
3-MeTHF-3,4-diols (cis and trans-3-methyltetrahydrofuran-3,4-diols), 2-methyltetrols
(2-methylthreitol and 2-methyltetrahydrofuran-3,4-diols), C5-alkenetriols (cis and
trans-2-methyl-1,3,4-trihydroxy-1-butene,

3-methyl-2,3,4-trihydroxy-1-butene),

2-methyltetrol sulfate ester and oligomers(Darer et al., 2011; Lin et al., 2012; Nguyen
et al., 2014). Under high NO x conditions (NO/NO 2 -channel), isoprene reacts with
nitrogen oxides (NO/NO2) to form peroxymethylarcylic nitric anhydride (MPAN) and
then methacrylic acid epoxide (MAE) in the gas phase (Lin et al., 2013). The further
reactive uptake of MAE on the acidic particles produces 2-methylglyceric acid (Lin et
al., 2013). In the real atmosphere, the HO2-channel and the NO/NO2-channel
reactions coexist and are competing. Thus, it is essential to understand the roles of
these two pathways in isoprene SOA production, particularly in the polluted regions
that have high emissions of anthropogenic pollutants and isoprene.
In this chapter, 49 ambient PM 2.5 samples were collected in an urban site of
Hong Kong during a whole year period. The concentrations of 39 primary and
secondary organic tracers were measured, and their temporal/meteorological
variations were evaluated. On the basis of Kintecus model, the major formation way
of isoprene SOA has been evaluated.

2.2 Experimental section
2.2.1 Aerosol sampling
The aerosol sampling site is located on the 12 th floor of Science Tower in the
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Campus of Hong Kong Baptist University (114°15E, 22°13N, ~40 m above the
ground), which is a typical urban site. Samples collection was carried out by a
high-volume air sampler at a flow rate of 1.13m3 min-1. PM2.5 samples were collected
on quartz fiber filters (20 cm × 25 cm) for 24 h every 6 days from September 6, 2011
to August 28, 2012. The quartz fiber filters were prebaked at 550°C for 24h to remove
organic contaminants. After sampling, the filters were immediately transferred to the
laboratory and stored at -18oC until analysis.
2.2.2 Analysis of elemental and organic carbon
A 1 × 1 cm2 punch was removed from each quartz fiber filter and analyzed for
elemental carbon (EC) and organic carbon (OC) using a thermal/optical transmittance
aerosol carbon analyzer (Sunset Laboratory, Oregon, USA). The analysis started in
nonoxidizing atmosphere (helium), purged for 10 s followed by four temperature
steps at 340o, 500o, 615o, and 870oC for 60, 60, 60, and 90 s, respectively. The oven
was then briefly cooled for 10 s before the gas valve was the gas valve was switched
to 2% O2/98% He, followed by five steps of heating at 550 o, 625o, 700o, 775o, and
850oC.
2.2.3 Analysis of major inorganic ions in aerosol phase (Cl-, NO3-, SO42-, C2O42- ,
Na+, Ca2+, Mg2+, K+, NH4+)
A 1× 8 cm2 punch was removed from each quartz fiber filter and cut into small
pieces and extracted with 2.5 mL DDI water in an ultrasonic bath for 30 minutes. All
filtrates were filtered by 0.45um filter and kept at 4oC before use. Dinoex ICS-1100
Ion chromatography (IC, DX500, Dionex, Sunnyvale, CA, USA) was applied for both
anions and cations analysis. The operating conditions for the analysis of ions by IC
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are shown in Table 2.1
Table 2.1 The operating conditions for the analysis of ions by IC
Parameter

Anions

Cations

Column

IonPac AS11 (4×250mm)
analytical column

IonPac CS12A (4×250mm)

Flow rate (ml/min)
Eluent

1
12mM NaOH

Detection
Suppressor

conductivity
Anion Self-regenerating
suppressor, ASRS 4mm

1
20mM Methane sulfonic
acid(MSA)
conductivity
Anion Self-regenerating
suppressor, CSRS 4mm

Injection volume (uL)

25

25

Total run time(min)

8

15

Recoveries of all inorganic ions were carried out by spiking standards onto blank
quartz filters, followed by the same sample extraction and analysis processes.
Recoveries for major inorganic ions ranged from 93% to 108%
2.2.4 Analysis of OA species
SOA markers, saccharides, dicarboxylic acids, cholesterol, 4-nitrocatechol, and
1,2,3-benzenetribarboxylic acid, 1,2,4- benzenetribarboxylic acid were identified and
quantified using an Agilent 7890A-5975C gas chromatography mass spectrometry
(GC/MS) with N, O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA, with 1%
tri-methylchlorosalane, TMCS) derivatization.
For each aerosol sample, 20 cm2 of filter was cut into small pieces and sonicated
three times for 10 min each with 10 mL of distilled acetonitrile (HPLC grade). The
extract was filtered through a Millipore 0.45-μm PTEE hydrophobic Teflon filter,
transferred into a 50 mL round flask and concentrated to ~0.5 mL by rotary
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evaporation. It was transferred into a 5 mL reaction vial. The round flask was rinsed
with 1 mL of acetonitrile for three times, and the rinsing solvent was transferred into
the reaction vial as well. The final extract was blown to dryness under a gentle steam
of pure nitrogen gas at 40 oC and derivatized with 100 μL of BSTFA and 50 μL of
pyridine at 70 oC for 2 h. After the reaction vial cooled down to room temperature, 30
μL of tetracosane-d 50 (internal standard, 50 µg mL -1 in hexane) was added. The
derivatives were analyzed by GC/MS. Two microliter of derivatized sample or
standard

was

injected

and

separated

on

a

HP-5MS

capillary

column

(30.0m×250μm×0.25μm, HP full name). The GC oven was initially held at 80oC for 5
min, heated at 3oC min-1 to 200oC, held for 2 min, them increased to 300oC at 15oC
min-1, and held at 300oC for 25 min.
Saccharides, dicarboxylic acids, cholesterol and nitro-aromatic compounds were
identified and quantified using commercially available standards. The SOA markers,
which do not have commercially available standards, were identified using surrogate
compounds with similar structures and functional groups (Hu and Yu, 2013). Table
2.2 showed chemical structure of SOA tracers and their surrogate.
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Table 2.2 Chemical structure of SOA tracers and their surrogates
precursors
name

SOA tracers name

Chemical structure of SOA tracers

Chemical structure of surrogates

OH

2-Methylglyceric acid

HO

OH
O
CH3
OH
CH3

2-Methylthreitol

OH
HO

Meso-erythritol
OH

Isoprene

OH

2-Methylerythritol

OH

HO

HO

OH
CH3

OH

OH

CH3

OH

cis-2-Methyl-1,3,4-trihydroxy-1-butene

OH
OH

OH
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OH

3-Methyl-2,3,4-trihydorxy-1-butene
OH
H3C

Meso-erythritol

OH
CH3

trans-2-Methyl-1,3,4-trihydorxy-1-buten
e

OH

HO

HO

OH

OH

OH

OH
HO

H3C

OH

3-MeTHF-3,4-diols
O

HO

Monoterpenes

OH

HO

OH

3-Hydroxyglutaric acid
O

OH
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O

O

Pimelic acid

O

CH3

3-Hydroxy-4,4-dimethylgutaric acid

HO

OH
CH3
O

O
CH3

HO

OH

HO

OH

3-Methyl-1,2,3-butanetricarboxylic acid
CH3
O

O

O
O
H3 C

OH

Pimelic acid

CH3

OH

O

3-Isopropylpentanedioic acid
O

OH

H3C
OH

O
O

3-Acetyl pentanedioic acid
O

OH
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O

Recovery tests of organic species were carried out by spiking the mixture of
standard onto blank quartz filters, followed by the same sample extraction and
analysis processes. Except for 69.04% of phthalic acid, recovery levels for
saccharides and dicarboxylic acids were within 80% to 120%.
2.2.5 Calculation of particle acidity and total liquid water content (LWC)
A thermodynamic model (E-AIM model II) was applied to estimate the
equilibrium particle hydronium ion concentration per volume air (H+air) and liquid
water content associated with inorganic species (LWC inorg) (Fountoukis and Nenes,
2007). Science particle water is associated not only with inorganic species by also
organic species, total liquid water content (LWC) was calculated as the sum of water
associated with both organic and inorganic aerosol components based on the
assumption that particles were internally well mixed. The organic hygroscopicity
parameter (korg=0.1) was used to determine the contributions of organic species to
particle water (Meng et al., 2014). The liquid water content associated with organic
species (LWCorg) was calculated using the following equation
k org
LWC org = m org ρ w
ρ org (1⁄RH − 1)

where m org is organic mass concentration, and a factor of 2.1 was applied to
convert OC to OM for a urban location (Guo et al., 2015). ρw is water density and a
typical value of 1.4 g cm-1 was applied for organics (ρorg).
Particle acidity was calculated using the follow equation:
+

1000Hair
H p = LWC org + LWC inorg
+
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where Hp+ (mol L-1) is the concentration of hydronium ion in the aqueous solution,
interpreted as particle acidity. Hair+ and LWCinorg were calculated by E-AIM model
II using input values of inorganic ions, RH and temperature.
2.2.6 Kinetic model of loss of isoprene intermediates
In this study, the kinetics simulation software (Kintecus) was applied to
investigate the loss of IEPOX and MAE for 100 h to insure completion of the reaction.
Four equations of the loss processes of isoprene intermediates have been described by
Eddingsass et al. and Worton et al(Eddingsaas et al., 2010; Worton et al., 2013).
IEPOX:
cp

kH

MAE:
cp

k′H = 7.5 ╳106 M atm-1

= 1.3╳108 M atm-1

k OX = 5.78 ╳10 −11 ∙ e −400⁄T ∙ [OH] s -1

′

k dd = dv⁄blh s -1

k dd

kH + = 5╳10−2 ∙ [H P+] s -1
cp

kH

kOX′ = 1.0 ╳10−12 ∙ [OH] s -1
= dv⁄blh s -1

kH′ + = 5.91 ╳10−5 ∙ [HP+] s-1

and k′cpH, kOXand kOX′ ,k dd and k dd , and k H + and k ′H + are the Henry’s

law constants, gas phase oxidation rate constants, dry deposition rate constants, and
cp

acid catalyzed ring-opening rate constants of IEPOX and MAE, respectively. k H

and k′Hcp were estimated to be 1.3 x 108 and 7.5 x 106 M atm-1 (Minerath et al., 2008;
Worton et al., 2013). Given the annual average OH radical level in PRD region was 5
x 106 molecules cm-3 (Hofzumahaus et al., 2009), kOX and kOX′

were calculated to

be7.78 x 10 -5 s -1 and 5.12 x 10 -6 s -1 at 298 K. k dd is estimated by the deposition
velocity (dv) and the boundary layer height (blh). Same as Eddingsaas et al. and
Worton et al. (Eddingsaas et al., 2010; Worton et al., 2013), same deposition velocities
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for IEPOX and MAE as hydrogen peroxide (1-5 cm s-1) have been assumed. With the
predicted boundary height in Hong Kong of 1100m (Xie et al., 2012), kdd and kdd′
were calculated to be 5.05 x 10-5 s-1. A ring-opening rate constant (kH+ ) for IEPOX (5
x 10-2 M-1 s-1) and MAE was estimated (5.91 x 10-5 M-1 s-1) by Eddingsaas et al. and
Birdsall et al (Birdsall et al., 2014; Eddingsaas et al., 2010).

2.3 Result and discussion
2.3.1 Meteorological conditions, EC and OC
Hourly meteorological and air quality data (PM2.5, temperature, relative humidity
(RH), O3, SO2 and NO2) in the vicinity of the sampling site were collected by Hong
Kong Environmental Protection Department (HKEPD). During the sampling period,
the ambient temperature ranged from 15.6 to 35.8 oC, with an average of 27.4 oC. The
daily average RH ranged from 52.94% to 97.02%, with an average value of 80.14%.
Heavy rains are very common in Hong Kong during summer, which effectively clean
out the PM pollutants in the air.
Hong Kong is located at the south-east edge of the Pearl River Delta (PRD)
region. PRD is a rapidly developing area with industrial activation and can transfer
their air pollutant to Hong Kong by wind. After carefully examine the air mass
backward trajectories, synoptic weather conditions and the characteristics of criteria
air pollutants (e.g. PM2.5, SO2 and O3), the sampling days were categorized into three
groups. i.e. days mainly influenced by regional transport from the PRD region or long
regional transport from northern and eastern China or local emissions. On regional
days, air pollutants emitted in PRD are brought into Hong Kong. On long regional
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days (LRT), the prevailing northeasterly wind brought aged air masses outside PRD,
normally along the eastern coastal line of China, into Hong Kong. On local days, air
quality in Hong Kong is mainly influenced by the locally generated pollutants, and
lower levels of air pollutants were monitored than those on the other two groups.
(Figure 2.1)

Figure 2.1 Backward trajectories of air masses on regional, LRT, and local days. (a)
Regional Days: North wind coming from South China, continental air mass; (b) Long
Regional Transport (LRT) Days: Northeast wind, costal air mass; (c) Local Days:
South wind coming from ocean, marine air mass.
In this study, the average concentrations of OC and EC were 4.18±2.37 and
1.02±0.54 μg m-3, respectively, which were comparable with our previously reported
values in this region, ranging from 0.61 to 22.30 μg m -3 (Hu et al., 2010). High
ambient OC level was observed on regional days (6.15 μg m-3), it was about 2 times
higher than that on LRT days and local days. OC showed highest concentration in
winter (6.81 μg m-3) than that in other seasons. A reasonable explanation is that most
of samples collected in winter were under the influences by regional pollution. Unlike
OC, EC exhibited relative constant values under different mass origins (0.96-1.14 μg
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m-3). Moreover, OC/EC values of individual samples ranged from 1.51 to 10.91, with
the average value of 4.61. When the OC/EC ratio in urban areas that exceeds a value
of 3, it normally indicates significant contribution of SOA formation to OC (Mancilla
et al., 2015). So it seems that secondary formation is a preponderant source of OA in
this region. Our previous study showed that SOC contributed 45% of OC in Hong
Kong during the summer of 2006, indicating secondary formation is a preponderant
source of OA in the region (Hu et al., 2010). However, only summer PM2.5 samples
were analyzed in our previous study. A more comprehensive understanding of the
apportionment sources of ambient OC in Hong Kong, especially the contribution of
various VOC precursors to SOA and the factors govering its formation pathways and
composition, is critical and necessary.

2.3.2 Characterization of SOA tracers and other polar oxygenated organic
compounds
Thirty-nine organic species, including thirteen SOA tracers, twelve saccharides,
ten dicarboxylic acids, 4-nitrocatechol, cholesterol, 1,2,3-benzenetricarboxylic acid
and 1,2,4-benzenetricarboxylic acid were identified and quantified in 49 PM2.5
samples using GC/MS. Concentration of all these species in different seasons and
under different source patterns are listed in Table 2.3 and Table 2.4.
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Table 2.3 Seasonal concentrations of selected air pollutions at Hong Kong Baptist University during 2011-2012
Spring (N=16)

Summer (N=8)

Autumn (N=14)

Winter (N=11)

Median

Average

Range

Median

Average

Range

Median

Average

Range

Median

Average

Range

0.44

0.58

0.22-2.02

0.55

0.60

0.22-1.42

1.64

1.74

0.02-5.50

1.34

2.05

0.60-6.42

2-Methylthreitol
2-Methylerythritol
cis-2-Methyl-1,3,4-trihydroxy-1-butene
3-Methyl-2,3,4-trihydorxy-1-butene
trans-2-Methyl-1,3,4-trihydorxy-1-butene
3-MeTHF-3,4-diols
∑C5-Alkene trols
∑Isoprene tracers (exclude triols)
∑Isoprene tracers
Tracers for monoterpenes SOA (ng/m3)
3-Hydroxyglutaric acid

0.47
0.99
0.26
0.22
0.48
0.15
0.97
1.87
2.73

0.84
1.78
0.41
0.30
1.40
0.17
2.12
3.26
5.37

0.33-3.21
0.48-8.57
0.15-1.38
0.15-0.88
0.15-10.83
0.15-0.24
0.45-11.82
1.17-14.04
1.67-19.37

3.22
9.73
1.33
0.92
1.94
0.19
4.82
13.54
18.79

4.84
14.99
1.52
0.85
2.04
0.21
4.40
20.55
24.95

0.55-18.79
0.85-64.67
0.21-6.06
0.19-2.00
0.25-5.08
0.15-0.34
0.71-8.89
1.62-84.87
2.38-93.41

6.10
14.08
5.21
2.40
7.71
0.27
14.73
22.53
42.96

6.78
15.59
5.53
2.54
10.59
0.30
18.66
24.35
43.00

0.57-23.37
1.08-47.62
0.33-17.19
0.23-7.31
0.65-25.23
0.15-0.60
1.20-40.08
1.93-77.09
3.14-117.17

1.69
3.43
1.03
0.59
2.44
0.19
4.19
6.85
10.44

2.40
4.56
2.62
0.94
4.68
0.21
8.24
9.18
17.42

0.89-7.22
1.80-14.53
0.40-10.65
0.32-3.71
1.06-21.59
0.15-0.35
1.78-33.11
3.84-28.52
5.62-61.63

3.63

3.55

0.72-9.14

3.17

3.34

0.68-5.76

8.14

9.67

0.66-22.04

8.35

8.75

2.13-20.40

3-Hydroxy-4,4-dimethylgutaric acid
3-Methyl-1,2,3-butanetricarboxylic acid
3-Isopropylpentanedioic acid
3-Acetyl pentanedioic acid
∑Pinene tracers
Tracers for β-caryophyllene SOA (ng/m3)
β-Caryophyllinic acid

0.47
0.48
1.07
0.70
6.39

0.50
0.53
1.16
0.77
6.51

0.41-0.65
0.40-0.81
0.60-1.85
0.45-1.22
2.63-13.49

0.63
0.73
1.04
0.99
6.88

0.61
0.73
0.98
0.87
6.52

0.41-0.93
0.40-1.18
0.49-1.51
0.45-1.19
2.44-9.84

0.94
1.22
1.44
1.24
13.00

0.93
1.23
2.27
1.54
15.64

0.43-1.39
0.45-2.04
0.51-4.86
0.49-3.20
2.54-32.57

0.63
0.78
1.64
1.32
13.76

0.68
0.93
1.93
1.37
13.65

0.47-1.15
0.48-2.14
0.84-4.55
0.70-3.10
4.85-31.34

0.84

0.95

0.57-2.19

0.83

0.76

0.00-1.39

1.52

1.52

0.71-2.80

2.66

2.86

1.05-5.82

0.86

0.88

0.83-0.98

0.86

0.87

0.81-0.94

1.08

1.08

0.78-1.46

1.88

1.98

0.98-4.00

Tracers for isoprene SOA (ng/m3)
2-Methylglyceric acid

Nitro aromatic compounds (ng/m3)
4-Nitrocatechol
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Saccharides (ng/m3)
Levogluocan

7.58

24.39

0.64-101

9.55

11.27

1.22-39.33

43.80

43.12

0.91-108.64

204.62

237.27

25.30-474.15

Arbitol
Fructose
Meso-erythritol
Sucrose
Galactosan
Mannitol
Sorbitol
Galactose
Glucose
Xylose
Xylitol
Dicarboxylic acids (ng/m3)
Oxalic acid (μg/m3)

0.23
1.49
0.09
0.55
0.89
0.13
1.31
1.06
1.89
0.84
0.25

0.24
1.90
0.12
0.57
1.13
0.15
1.37
1.52
2.00
1.35
0.28

0.00-0.40
0.26-5.40
0.03-0.45
0.48-0.75
0.80-2.52
0.12-0.21
1.14-1.96
0.37-4.37
0.95-3.83
0.50-4.28
0.21-0.48

0.23
1.22
0.09
0.51
0.89
0.16
1.39
1.53
1.02
0.78
0.27

0.24
1.30
0.09
1.32
0.92
0.15
3.18
2.44
0.97
1.20
0.27

0.20-0.29
0.29-2.57
0.03-0.18
0.42-9.43
0.79-1.38
0.11-0.21
1.11-20.45
0.78-9.97
0.50-1.41
0.48-4.13
0.20-0.34

0.30
2.27
0.27
0.52
1.15
0.17
1.42
2.43
0.94
2.65
0.37

0.32
2.28
0.25
0.56
1.26
0.20
1.53
2.63
1.23
2.63
0.38

0.21-0.47
0.38-3.81
0.03-0.60
0.42-0.91
0.81-2.32
0.13-0.37
1.21-2.62
1.02-4.29
0.40-3.29
0.50-6.08
0.22-0.58

0.50
6.62
0.43
0.62
4.58
0.22
1.87
4.23
1.13
6.54
0.63

0.56
20.32
0.54
0.63
4.49
0.25
1.76
4.23
1.34
8.21
0.70

0.26-0.85
1.72-155.50
0.13-1.22
0.49-0.76
1.15-7.99
0.14-0.37
1.31-2.46
0.46-7.08
0.52-2.85
1.39-16.12
0.31-1.03

0.34

0.39

0.11-0.76

0.26

0.36

0.14-0.86

0.42

0.47

0.09-0.94

0.48

0.45

0.19-0.68

Phthalic acid
Citramatical acid
Malic acid
Pimelic acid
Succinic acid
Adipic acid
Glutanic acid
Maleic acid
Terephthalic acid
Other compoundS (ng/m3)
Cholesterol

2.18
0.76
2.59
0.67
1.88
0.89
1.49
0.47
8.69

2.56
0.78
2.71
0.70
2.82
1.26
3.56
0.50
10.85

0.80-8.07
0.51-1.18
0.64-5.59
0.58-0.98
0.91-10.19
0.76-6.20
0.88-30.89
0.23-1.47
2.16-31.86

1.90
0.66
2.74
0.67
1.19
0.98
0.98
0.25
6.46

2.05
0.72
3.06
0.66
1.09
1.34
0.94
0.24
8.30

0.65-4.49
0.38-1.30
0.63-6.12
0.53-0.76
0.63-1.94
0.54-5.66
0.65-1.25
0.14-0.46
1.66-21.57

5.37
0.96
5.51
0.77
2.64
1.19
1.91
0.31
21.84

5.19
1.12
6.55
0.79
3.18
1.24
1.93
0.30
29.43

0.82-11.62
0.40-2.00
0.60-13.86
0.51-1.22
0.68-9.51
0.67-2.44
0.67-4.48
0.14-0.63
3.58-79.25

5.80
1.01
5.61
0.97
5.92
1.44
3.55
0.46
34.23

7.35
1.04
6.40
1.07
6.87
1.52
3.40
0.49
39.66

2.81-16.42
0.51-1.71
1.27-13.06
0.54-1.94
0.85-14.18
0.64-3.08
0.86-6.05
0.15-0.84
7.35-79.61

1.19

1.27

0.95-1.81

1.20

1.17

0.90-1.61

1.06

1.14

0.95-1.68

1.44

1.46

1.03-1.93
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1,2,3-Benzenetricarboxylic Acid
1,2,4-Benzenetricarboxylic Acid
Major ion (μg/m3)
Sulfate

0.91
1.34

1.19
1.71

0.50-2.51
0.50-4.98

1.07
1.44

1.10
1.38

0.47-2.36
0.47-3.85

2.02
2.71

2.96
3.55

0.63-8.47
0.88-10.42

2.87
6.17

3.77
5.79

1.06-9.50
1.35-12.54

12.42

12.96

6.59-25.63

7.59

10.66

3.28-23.99

17.54

16.91

1.49-30.32

12.92

13.39

5.20-23.15

Ammonia
Nitrate
Potassium
Magnesium
Calcium
Sodium
Chloride
Others
HP+ (M)

2.19
0.59
0.09
0.01
0.03
0.08
0.12

2.21
1.24
0.13
0.01
0.05
0.09
0.20

1.13-4.36
0.05-5.84
0.03-0.44
0.01-0.04
0.00-0.15
0.01-0.25
0.06-0.77

1.41
0.12
0.10
0.01
0.02
0.07
0.09

1.83
0.25
0.13
0.01
0.02
0.10
0.11

0.47-3.44
0.04-0.98
0.04-0.36
0.00-0.01
0.00-0.06
0.02-0.40
0.06-0.17

2.93
0.46
0.26
0.02
0.08
0.15
0.08

2.73
0.52
0.28
0.02
0.08
0.16
0.09

0.30-4.69
0.08-1.09
0.05-0.55
0.00-0.04
0.02-0.23
0.03-0.52
0.07-0.15

2.76
2.38
0.37
0.01
0.03
0.11
0.25

2.65
2.78
0.42
0.01
0.06
0.11
0.26

1.06-3.81
0.61-5.49
0.07-0.94
0.00-0.02
0.02-0.13
0.06-0.13
0.10-0.45

1.93

1.87

0.37-4.76

2.57

2.06

0.00-3.78

2.814

2.78

0.74-4.07

2.70

2.80

0.42-5.43

pH
LWC (µg/m3)
OC (µg/m3)
EC (µg/m3)
O 3 (ppb)
NO2 (ppb)
SO2 (µg/m3)

-0.29
69.68
2.86
0.72
11.21
38.34
2.84

-0.27
77.33
2.80
0.77
12.77
35.69
4.08

0.43--0.68
29.59-184.71
1.61-4.43
0.42-1.59
4.02-29.27
19.55-48.62
0.58-12.06

-0.41
29.84
2.79
1.16
9.34
28.08
5.73

-0.31
27.20
3.31
1.14
12.31
30.70
7.11

N.A--0.58
2.68-42.58
1.51-7.88
0.50-2.10
3.73-30.18
17.38-50.66
1.44-18.17

-0.45
46.459
4.41
0.82
22.79
36.16
3.60

-0.44
50.98
4.29
0.84
21.32
36.46
3.86

0.13--0.61
6.60-101.12
1.25-7.09
0.14-1.32
9.63-30.88
19.68-44.47
1.59-7.22

-0.43
50.60
5.54
1.35
10.88
41.89
4.15

-0.45
57.66
6.81
1.46
10.26
42.76
5.55

0.38--0.73
19.52-110.28
2.25-12.97
0.62-2.75
2.96-21.96
27.79-61.70
2.73-10.02
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Table 2.4 Meteorological concentrations of selected air pollutions at Hong Kong Baptist University during 2011-2012
Local (N=23)

Long regional transport (N=11)

Regional (N=15)

Median

Average

Range

Median

Average

Range

Median

Average

Range

0.51

0.59

0.22-2.61

0.88

1.09

0.29-2.52

2.01

2.36

0.02-6.42

2-Methylthreitol
2-Methylerythritol
cis-2-Methyl-1,3,4-trihydroxy-1-butene
3-Methyl-2,3,4-trihydorxy-1-butene
trans-2-Methyl-1,3,4-trihydorxy-1-butene
3-MeTHF-3,4-diols
∑C5-Alkene triols
∑Isoprene tracers (exclude triols)
∑Isoprene tracers
Tracers for monoterpenes SOA (ng/m3)
3-Hydroxyglutaric acid

0.98
2.01
0.45
0.32
0.98
0.15
1.78
3.84
5.62

1.73
4.48
0.61
0.43
1.27
0.18
2.30
6.89
9.19

0.33-8.11
0.54-29.00
0.15-2.30
0.15-1.51
0.15-5.08
0.15-0.34
0.45-8.89
1.22-37.71
1.67-43.75

2.59
4.32
1.23
0.81
3.86
0.22
7.47
9.61
15.79

4.51
13.00
2.45
1.18
4.88
0.22
8.50
18.72
27.23

0.57-18.79
1.08-64.67
0.33-8.62
0.23-4.08
0.48-18.68
0.15-0.32
1.20-31.37
1.93-84.87
3.14-93.41

5.64
13.15
6.56
1.84
8.61
0.27
15.99
21.32
32.94

6.23
13.49
5.78
2.40
10.52
0.29
18.71
22.32
41.03

0.35-23.37
0.48-47.62
0.22-17.19
0.18-7.31
0.37-25.23
0.15-0.60
0.78-40.08
1.17-77.09
1.95-117.17

3.40

3.59

0.68-9.58

3.67

5.34

0.66-19.15

10.14

11.53

1.35-22.04

3-Hydroxy-4,4-dimethylgutaric acid
3-Methyl-1,2,3-butanetricarboxylic acid
3-Isopropylpentanedioic acid
3-Acetyl pentanedioic acid
∑Pinene tracers
Tracers for β-caryophyllene SOA (ng/m3)
β-Caryophyllinic acid

0.49
0.52
1.11
0.81
6.55

0.52
0.58
1.10
0.80
6.60

0.41-0.78
0.40-0.91
0.49-1.85
0.45-1.40
2.44-14.16

0.63
0.68
1.20
1.08
7.36

0.72
0.87
1.37
1.10
9.40

0.43-1.39
0.45-1.76
0.51-3.46
0.49-2.42
2.54-28.17

0.91
1.19
2.29
1.53
16.42

0.91
1.28
2.57
1.71
18.00

0.41-1.39
0.42-2.14
0.61-4.86
0.54-3.20
3.33-32.57

0.85

0.98

0.00-3.53

1.05

1.43

0.64-3.99

2.05

2.33

0.80-5.82

0.86

0.93

0.78-1.88

0.93

1.18

0.84-2.75

1.17

1.55

0.85-4.00

Tracers for isoprene SOA (ng/m3)
2-Methylglyceric acid

Nitro aromatic compounds (ng/m3)
4-Nitrocatechol
Saccharides (ng/m3)
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Levogluocan
Arbitol
Fructose
Meso-erythritol
Sucrose
Galactosan
Mannitol
Sorbitol
Galactose
Glucose
Xylose
Xylitol
Dicarboxylic acids (ng/m3)
Oxalic acid (µg/m3)

6.51
0.23
1.33
0.09
0.56
0.89
0.14
1.32
1.12
1.19
0.79
0.26

34.32
0.27
8.01
0.13
0.57
1.33
0.16
1.42
1.62
1.53
1.76
0.32

0.64-325.61
0.00-0.78
0.26-155.50
0.03-0.68
0.42-0.75
0.80-7.20
0.11-0.37
1.11-2.54
0.37-7.08
0.50-3.83
0.48-13.34
0.20-1.02

31.62
0.29
2.49
0.18
0.53
1.28
0.19
1.44
2.98
0.99
1.96
0.35

82.55
0.33
2.48
0.23
1.36
1.85
0.19
3.21
3.62
1.11
3.29
0.41

3.21-362.74
0.21-0.71
0.38-7.19
0.03-0.74
0.42-9.43
0.79-7.11
0.13-0.28
1.21-20.45
1.09-9.97
0.40-1.99
0.58-11.57
0.23-0.93

65.16
0.40
3.75
0.35
0.56
1.36
0.21
1.58
3.80
1.27
3.44
0.50

128.52
0.42
4.32
0.44
0.57
2.68
0.23
1.70
3.51
1.51
5.34
0.52

8.64-474.15
0.22-0.85
1.65-9.32
0.07-1.22
0.45-0.76
0.88-7.99
0.13-0.37
1.31-2.62
1.02-6.84
0.52-3.29
0.81-16.12
0.22-1.03

0.27

0.35

0.11-0.76

0.36

0.40

0.09-0.86

0.50

0.54

0.29-0.94

Phthalic acid
Citramatical acid
Malic acid
Pimelic acid
Succinic acid
Adipic acid
Glutanic acid
Maleic acid
Terephthalic acid
Other compounds (ng/m3)
Cholesterol

1.90
0.73
2.65
0.67
1.42
0.96
1.02
0.38
9.32

2.43
0.78
2.96
0.69
2.47
1.34
2.63
0.40
12.49

0.65-7.97
0.45-1.30
0.63-6.64
0.51-0.98
0.63-14.18
0.55-6.20
0.65-30.89
0.14-1.47
1.66-79.61

3.38
0.77
2.12
0.71
1.94
0.99
1.25
0.45
12.03

4.23
0.77
3.69
0.77
3.10
1.08
1.88
0.40
21.38

0.92-11.41
0.38-1.48
0.60-13.12
0.52-1.47
0.65-10.19
0.54-2.21
0.79-4.98
0.14-0.84
3.58-69.30

6.04
1.18
8.57
0.91
5.04
1.43
2.72
0.33
34.97

7.16
1.23
8.10
0.99
5.27
1.48
2.85
0.36
36.89

1.41-16.42
0.52-2.00
1.33-13.86
0.52-1.94
0.68-12.19
0.67-3.08
0.67-6.05
0.15-0.78
3.77-79.25

1.23

1.31

0.90-1.93

1.18

1.20

0.98-1.46

1.14

1.20

0.95-1.89

1,2,3-Benzenetricarboxylic Acid

1.00

1.23

0.48-2.87

2.10

2.05

0.47-4.70

4.11

3.97

0.54-9.50
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1,2,4-Benzenetricarboxylic Acid
Major ion (µg/m3)
Sulfate

1.46

1.83

0.48-6.77

2.36

2.80

0.47-6.73

4.62

5.16

0.73-12.54

9.66

11.66

3.28-30.32

8.43

13.18

1.49-29.25

16.11

17.35

8.90-29.29

Ammonia
Nitrate
Potassium
Magnesium
Calcium
Sodium
Chloride
Others
HP+ (M)

2.10
0.28
0.09
0.01
0.03
0.07
0.12

2.01
1.01
0.12
0.01
0.03
0.08
0.19

0.47-4.12
0.04-4.90
0.03-0.42
0.00-0.03
0.00-0.13
0.01-0.25
0.06-0.77

2.75
0.58
0.24
0.01
0.04
0.13
0.08

2.34
1.12
0.27
0.01
0.07
0.18
0.14

0.30-4.36
0.08-5.84
0.05-0.49
0.00-0.04
0.02-0.23
0.03-0.52
0.07-0.39

3.09
0.72
0.32
0.02
0.09
0.12
0.11

2.99
1.46
0.40
0.02
0.08
0.14
0.14

1.82-4.69
0.38-5.49
0.15-0.94
0.00-0.04
0.02-0.15
0.08-0.30
0.07-0.40

2.07

1.73

0.00-3.78

2.624

2.56

0.54-5.43

3.04

3.22

2.31-4.76

pH
LWC (µg/m3)
OC (µg/m3)
EC (µg/m3)
O3 (ppb)
NO2 (ppb)
SO2 (µg/m3)

-0.32
46.462
2.83
0.88
9.02
36.19
3.01

-0.24
60.843
3.10
0.97
11.24
33.99
4.92

N.A--0.58
2.68-169.16
1.51-7.88
0.47-2.75
3.37-30.18
17.38-55.47
0.58-18.17

-0.42
41.849
3.18
0.68
15.57
36.13
2.92

-0.41
57.16
3.93
0.96
15.18
34.64
4.83

0.27--0.73
6.60-184.71
1.25-8.53
0.14-2.10
4.20-30.88
19.68-50.66
1.71-12.49

-0.48
46.82
5.54
1.01
19.92
41.34
4.35

-0.51
51.66
6.15
1.14
19.46
41.64
5.17

-0.36--0.68
30.51-101.12
3.21-12.97
0.50-2.12
2.96-29.27
32.47-61.70
2.93-10.02
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2.3.2.1 Isoprene, monoterpene and β-caryophellene SOA tracers
Seven isoprene SOA (Isop_SOA) tracers, i.e. 2-methylglyceric acid, two
methyltetrol isomers (2-methylthreitol and 2-methylerythritol), three C 5-alkene triols
isomers (cis-2-methyl-1,3,4-trihydroxy-1-butene, 3-methyl-2,3,4-trihydorxy-1-butene,
and tans-2-methyl-1,3,4-trihydorxy-1-butene) and 3-MeTHF-3,4-diols (cis and
trans-3-methyltetrahydrofuran-3.4-diols) were identified and quantified. The sum of
all Isop_SOA tracers ranged from 1.67 to 117.7 ng m-3, with the annual mean value of
22.78 ng m-3. Among the Isop_SOA tracers, methyltetrols and C5-alkene triols were the
most abundant. They showed much higher concentrations in summer and autumn than
in winter and spring (Table 2.3). This is consistent with what have been observed in
other areas around the world (Ding et al., 2012; Kleindienst et al., 2007;
Lewandowski et al., 2008). The annual mean concentration of 3-MeTHF-3,4-diols
were 0.23 ng m-3, which was quite lower than other isoprene tracer and, even
undetectable in some samples, but it was comparable to the result from another study
which also carried out in the PRD area (He et al., 2018). Besides 2-methylglyceric
acid, all of the above mentioned six Isop_ SOA tracers were suggested to be formed
through the acid-catalyzed ring

opening reactions of IEPOX under low-NOX

condition (Kleindienst et al., 2012). Higher levels of IEPOX SOA tracers were
observed in summer and fall than those in spring and winter (Table 2.3). This could be
caused by the higher temperature, stronger solar radiation, and higher emission of
isoprene in summer and autumn than in the other two seasons in Hong Kong, which
promoted the SOA formation from isoprene. 2-Methylglyceric acid, an isoprene tracer
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formed from methacrylic acid epoxide and hydroxymethyl-methyl-α-lactone (together
abbreviated HMML/MAE) under higher NOx condition, presented a quite different
temporal trend than all the other six Isop_ SOA tracers, which showed the highest
concentration in winter, and then autumn, summer and spring. Previous study showed
that MAE, the important intermediates of isoprene SOA formation under high NOx
condition, is an oxidation product generated from MPAN.
suggested that the production of MAE is

Chamber studies

temperature dependant (Roberts and

Bertman, 1992; Worton et al., 2013). Under higher temperature, the loss of MPAN is
dominated by thermal decomposition, which does not produce SOA tracers through
NO/NO2 pathway. Under lower temperature, thermal decomposition of MPAN is
limited and more MPAN could react with OH to generate MAE. Therefore, the lower
temperature in winter would favor the production of MAE and thus MAE tracers,
such as 2-methylglyceric acid. Moreover, all the Isop_SOA tracers exhibited the highest
concentration on regional days than LRT and local days. On regional days, air masses
transported form PRD area worsened air quality in Hong Kong, and higher levels of
gas oxidants, e.g. O3, NO2 and SO2, were monitored than those on LRT and local days
(Table 2.4), which promoted SOA formation.
Besides their degradation through acid-catalyzed ring-opening reaction on
particles, IEPOX and MAE could also be oxidized and removed by dry deposition in
the gas phase (Eddingsaas et al., 2010). To better understand the factors that influence
isoprene SOA formation in Hong Kong, the kinetic models described was applied by
Eddingsaas et al., Worton et al. and Birdsall et al. to investigate the fate of Isop_SOA
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intermediates in the atmosphere (Birdsall et al., 2014; Eddingsaas et al., 2010;
Worton et al., 2013).
Figure 2.2 showed a comparison of elimination processes for IEPOX and MAE
during 2011-2012 in Hong Kong. Due to the high volatility of MAE (9.2× 10-5 atm;
C 0 =7.5× 105) (Worton et al., 2013), it has low tendency to partition on to particle
phase. Moreover, partitioning of water-soluble organics into the aqueous phase are
governed by Henry’s law constant (kHcp), Worton et al., used EPA’s HENRYWIN
program and an analogous compounds to MAE (2-methyl propanoic acid; kHcp=8.9×
107 M atm-1) to evaluate the k Hcp value of MAE, and found this k Hcp is 7.5× 107 M
atm-1 which is lower 20 times than IEPOX (Worton et al., 2013). Riedel et al., also
suggested heterogeneous reactive uptake coefficient

of MAE (γ=4.9×10-4) was ~30

fold lower than that of IEPOX (γ=4.9×10-4) (Riedel et al., 2015). Therefore, MAE was
primarily eliminated by dry deposition (mean: 89.2%) in gas phase, and only a minor
fraction of it undergoes the ring-opening reactions, our results on the fate of MAE in
Hong Kong atmosphere were quite similar to those reported by Worton et al. ( Worton
et al., 2013). But our results on the degradation pathways of IEPOX were quite
different from other work. Given the high total liquid water content (LWC; mean:
57.20 μg m -3 ) and particle acidity (H p+; pH mean: -0.37) of PM 2.5 samples in this
study, particle phase epoxide opening reaction (Frop) was the main degradation process
in the atmosphere of Hong Kong (average: 97.6%), and the loss of IEPOX through
dry deposition and gas phase oxidation are almost negligible. The F rop of IEPOX
reported by Worton et al. was only 0.02%, mainly due to the much lower LWC (mean:
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0.4 μg m-3) and weaker Hp+ (pH mean: 4.4) on their PM2.5 samples than those in this
study. These results demonstrated that particle phase LWC and Hp+ playa much more
significant role in the atmospheric degradation of IEPOX than MAE. Agree with the
kenetic model results, our experimental data also showed that IEPOX tracers are the
dominated Isop_SOA tracers. The average ratio of IEPOX tracers to MAE tracers was
16.54 (ranged from 3.00 to 71.58), and the average value of Frop-IEPOX/Frop-MAE was
about 192. The high abundance of measured and predicted IEPOX tracers reflected
that the HO2 channel is the major formation pathway of isoprene SOA in Hong Kong.
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Figure 2.2 Comparison of three degradation process for IEPOX and MAE on three
synoptic conditions
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Five SOA tracers of monoterpenes (Mono_SOA), i.e. 3-hydroxyglutaric acid,
3-hydroxy-4,4-dimethylgutaric

acid,

3-methyl-1,2,3-butanetricarboxylic

acid,

3-isopropylpentanedioic acid, and 3-acetyl pentanedioic acid, were identified and
quantified in the aerosol samples. Their summed concentration ranged from 2.54 to
32.57 ng m-3, with an annual average value of 10.76 ng m-3. Among Mono_SOA tracers,
3-hydroxyglutaric acid was by the far the most abundant, contributing ~60% of total
measured mass of Mono_SOA tracers. Similar to Isop_SOA tracers, Mono_SOA tracers
also showed the highest level on regional days (mean: 18.00 ng m-3) than LRT (mean:
9.40 ng m -3 ) and local days (mean: 6.60 ng m -3 ), and all of them showed higher
concentrations in autumn and winter than the other two seasons. This was mainly
because

most

of

the

regional

days

happened

in

autumn

and

winter.

Beta-caryophyllinic acid is the SOA (Cary_SOA) tracer of β-caryophyllene and it
ranged from 0.00 to 5.82 ng m-3, with an average annual mean value of 1.53 ng m-3.
Similar to other SOA tracers, β-caryophyllinic acid showed highest concentration on
regional days (mean: 2.33 ng m-3) than LRT (mean: 1.43 ng m-3) and local days (0.98
ng m-3). For seasonal trends, β-caryophyllinic acid also exhibited highest
concentration in autumn and winter than other seasons.
2.3.2.2 Saccharides and Dicarboxylic acids
Concentrations for twelve saccharides (i.e. levoglucosan, arbitol, fructose,
meso-erythrito, sucrose, galactosan, mannitol, sorbitol, galactose, glucose, xylose and
xylitol) during 2011-2012 in Hong Kong are listed in Table 2.3 and Table 2.4.
Levoglucosan and galactosan, two tracers of biomass burning (BB), were the most
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abundant species. Since BB activities are frequent in PRD area, these two saccharides
achieve the highest level on regional days. Regional transport brought these
anthropogenic pollutants from PRD region into Hong Kong. Among the primary
saccharides (e.g. fructose, sucrose, glucose and xylose), fructose and xylose were the
most abundant. These two saccharides have the highest proportions on regional days
(mean: fructose: 4.32 ng m -3 ; xylose: 5.34 ng m -3 ) and showed similar trends as
levoglucosan (R2= 0.65-0.93), which suggested they might be from BB as well.
Mannitol and arabitol, which were proposed as tracers for fungi spores, have a good
correlation with each other (R2= 0.75). In summary, anthropogenic activities (e.g. BB,
agriculture) are significant contributtion to the saccharides and most saccharides had
regional origins.
Ten dicarboxylic acids were identified and quantified in ambient samples.
Among these dicarboxylic acids, oxalic acid were most abundant, followed by
terephthalic acid, phthalic acid and others. Oxalic acid, highest level on regional days
(mean: 0.54 μg m -3) than other days. Although the formation mechanism of oxalic
acid is not well understood, many studies suggested it could be secondary formed
from both biogenic emissions and regional anthropogenic sources (e.g. BB and
automobile exhaust). Similar to oxalic acid, terephthalic and phthalic acid exhibited
~3 times higher concentrations on the regional days than on other synoptic days.
Terephthalic acid is directly emitted from plastic wastes incinerations in ambient
air(Simoneit et al., 2005), and phthalic acid is a mainly product formed from the
atmospheric oxidation of aromatic hydrocarbons (Kleindienst et al., 2012). All these
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data suggested that both secondary formation of these dicarboxylic acids and their
sources are greatly affected by regional pollution.

2.4 Summary
In this chapter, thirty-nine POA and SOA compounds were quantified in 49
samples collected in an urban site of Hong Kong during 2011-2012. Higher levels of
organic compounds in the aerosol were observed on the days mainly influenced by
regional emissions owing to elevated oxidant levels than days mainly affected by LRT
and local emissions. A kinetic model (Kintecus) was applied to construct the major
formation channels of isoprene SOA in Hong Kong atmosphere, and isoprene SOA
was found to be formed mainly through the ring-opening reaction of IEPOX.
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Chapter 3 Tracer-based source apportioning of atmospheric
organic carbon and the influence of anthropogenic emissions
on SOA formation in Hong Kong
3.1 Introduction
Organic aerosol (OA) is a major component of ambient fine particulate matter
(PM2.5). It accounts for 20%-60% of the total PM2.5 mass on a global scale
(Kanakidou et al., 2005; Van Dingenen et al., 2004; Zhang et al., 2007), and even up
to 90% in rural areas (Kanakidou et al., 2005; Roberts et al., 2001; Zhang et al., 2007).
OA is either directly emitted into the atmosphere from natural (e.g. vegetative detritus,
volcano activity) and anthropogenic sources (e.g. biomass burning (BB), vehicle
exhaust or cooking), or secondarily formed through the oxidation of biogenic and
anthropogenic gas-phase precursors and the subsequent partition process or particle
phase reactions (Gelencsér et al., 2007; Hildemann et al., 1996; Hu et al., 2010; Zheng
et al., 2014). Due to the sources contributions to OA are highly variable in different
locations, many efforts have been made to identify the primary and secondary OA
sources and quantify their contributions by using two receptor models, namely
chemical mass balance (CMB) and positive matrix factorization (PMF) (Hu et al.,
2010; Huang et al., 2014; Schauer et al., 2007; Simoneit, 1999; Stone et al., 2009;
Zheng et al., 2005). With the CMB model, Al-Naiema et al. found primary fossil
sources (e.g. gasoline engines, diesel engines and ship emissions) could contribute to
41% of the organic carbon (OC) in Houston(Al-Naiema et al., 2018). Guo et al. and
Liu et al. also used the CMB model apportion OA sources in Beijing(Guo et al., 2012).
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They found coal combustion and vehicle emissions are the dominated sources to OC
in Beijing. Accurate solutions for CMB apportionment largely depend on the
representativeness of the profiles to the reported site. However, CMB is often
inappropriate to apportion OC for which sources are unknown or not well defined. For
example, even with the incorporation of secondary organic aerosol (SOA) tracers into
CMB modeling, a significant fraction of OC remains unapportioned, suggesting that
better representation of SOA is required in this model (Stone et al., 2009). Unlike
CMB, PMF does not require the emissions source profiles as input, it only use the
distribution of specific source tracers in different factors to identify the sources. This
model has been particularly useful in the evaluation of SOA contributions to OA.
Huang et al. applied PMF to apportion the sources of OA at urban locations in Beijing,
Shanghai, Guangzhou and Xi’an, they found OA concentration was driven to a large
extent by secondary aerosol formation, which contributed 44-71% of OA in different
sites (Huang et al., 2014). Hong Kong, which is a special administrative region
located on the southern coast of China at PRD area and serves as a hub port for South
Asian Pacific region, also showed its unique source contributions to OC. Hu et al.
firstly incorporated polar SOA tracers and primary organic aerosol (POA) tracers
together with other source markers into PMF and resolved 7 OA sources in Hong
Kong during Jul-Aug 2006. They found a large fraction of OC (45%) was came from
secondary formation and even reached up to 65% on regional pollutant-determined
days (Hu et al., 2010).
Importantly, all these studies have illustrated the importance of secondary
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formation contribution to OC. However, due to the limited knowledge of SOA
composition and formation mechanisms, the understanding of secondary sources is
more difficult. A SOA tracer based method (SOCTBM) is usually applied to estimate
SOA contributions through the SOA tracers from VOCs (e.g. isoprene, monoterpenes,
β-caryophyllene and naphthalene) using the ratio of tracer-to-SOA mass fraction
obtained from laboratory chamber experiment (Kleindienst et al., 2012, 2009).
However, SOCTBM only could be used in estimating SOA contributions from
measured SOA tracers (Ding et al., 2014) and it would underestimate the actual SOC
in the ambient due to the lack of ratio value for some specific precursors. Therefore,
besides using SOC TMB to assess the SOC, PMF was applied to evaluate the SOC
contributions and provide a more accurate source characterization. Many studies
emphasized the importance of the

SOA enhancement induced by anthropogenic

parameters (Hu and Yu, 2013; Xu et al., 2015). Laboratory experiments have already
observed the strong dependences of SOA on anthropogenic pollutants, such as NOX,
SO2 (Hallquist et al., 2009; Kroll and Seinfeld, 2008). NOx can alter SOA formation
by influencing peroxy radical chemistry in BVOCs oxidation mechanism (Fry et al.,
2009; Kroll and Seinfeld, 2008). The reaction of NO2 with O3 forms nitrate radicals,
which can oxidize BVOCs to form condensable products that often have high SOA
yields (Fry et al., 2009; Kroll and Seinfeld, 2008). The effect of SO 2 was often
explained in the context of particle acidity in laboratory studies (Surratt et al., 2010b).
Despite intense laboratory investigations, only a few proposed mechanisms are
consistent with ambient observations (Rollins et al., 2012), and the reasons for the
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enhancement of SOA formation in certain polluted environments remain unclear
(Goldstein et al., 2009; Shilling et al., 2013).
In this study, with the selected chemical markers into PMF, we are able to
identify primary and secondary sources of OC, and their contributions to OC. SOC
origins from biogenic sources (e.g. isoprenes, monoterpenes and β-caryophyllene) and
anthropogenic sources (e.g. naphthalene, BB, secondary sulfate (SS)) were estimated
through SOC TBM and PMF, respectively. Final, the impacts of anthropogenic factors
(e.g. ozone (O 3 ), sulfate, etc.) on SOC TBM and PMF-resolved SOC (SOC PMF) are
discussed through Pearson’s correlation and multi-linear model. This study provides
comprehensive sources information of OA and SOA in Hong Kong, and gains direct
evidences of anthropogenic influences on the SOA formation.

3.2 Experimental section
The same batch of ambient PM2.5 samples used in Chapter 1 was analyzed in this
chapter.
3.2.1 Analysis of metals
Vanadium (V), manganese (Mn), iron (Fe), nickel (Ni), zinc (Zn), arsenic (As)
were quantified by inductively coupled plasma mass spectrometry (ICP-MS, Agilent
7900, Santa Clara, CA, USA). In brief, 15 cm 2 of each sample was cut into small
pieces and put into a Teflon microwave vessel. Samples were acid-digested in 30%
HNO3 for 30 mins using microwave assisted extraction (MAE). After that, samples
were cooled down to room temperature and 3 mL of 10% H2O2 was added to extract
the sample using the same MAE program. Finally, the digested sample was filtered
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through 0.45μm syringe filter, and the final volume was made up to 25mL in a v-flask
with DDI water, and then injected into ICP-MS. Recovery tests of metals were carried
out by spiking standards onto blank quartz filters, followed by the same sample
extraction and analysis processes. Recoveries for metals ranged from 97% to 122%.
3.2.2 Analysis of hopanes
Four

hopanes,

including

17a,21b-hopane,

17a,21b-22R-homhopane,

17a,21b-22S-homhopane and 17a,21b-30-norhopane, were measured using an Agilent
6890N-5975 GC-MS with a thermal desorption (TD) method. In brief, a punch of 4
cm2 quartz filter was spiked with 1μL of internal standard (n-tetracosane-d50, 50ppm),
and cut into small portions. The sample was inserted into a TD tube. After sample
loading, the temperature of injector port was quickly raised from 50oC to 275 oC. The
temperature program followed Yu et al (Yu et al., 2011). Recoveries of four hopane
standards ranged from 83%-98%.
3.2.3 PMF analysis
In this study, PMF analysis was performed to determine the major OA sources
and quantify their contributions to OC. Eighteen species were input into PMF,
including EC, OC, Ni, V, ions and various primary and secondary organic tracers (e.g.,
NitroC: 4-nitrocatechol, Phth: phthalic acid, 1,2,3-Ben: 1,2,3-Benzenetricarboxylic
Acid, 1,2,4-Ben: 1,2,4-Benzenetricarboxylic Acid). Given their similar origins, some
organic tracers were lumped together and the lumped species were used as the fitting
species in PMF instead. They were (1) C 5-alkene triols, sum of the three C 5-alkene
triols isomers; (2) IsopT, sum of two methyltetrol isomers and 2-methyl glyceric acid ;
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(3) MonoT, sum of the five monoterpenes SOA tracers and (4) Hopane, sum of the
four hopanes. The reason for this study to use C 5-alkene triols as a separated fitting
species was because they were not used as isoprene SOA tracers in the tracer-based
method developed by Kleindienst et al (Kleindienst et al., 2007). PMF solutions were
tested with 4 to 8 factors. Hundred base runs were performed in each modeling run
and the run with the minimum Q value was selected as the solution. The uncertainty
values were calculated using the method described in our previous studies (Hu et al.,
2010; Ma et al., 2016), which were set to be 20% of the mean concentrations for OC,
EC and 40% of mean values for cations, anions and all organic species. An extra
modeling uncertainty of 10% was used to account for the possibility of the temporal
changes in the source profiles and variability from other sources. The Q Robust/QTrue
ratio was 1.00, indicating that the solution was not influenced by outliers, and scaled
residuals normally distributed between -0.2 and 0.2. Constraints were set for the
following factors using information about markers and their known related sources: (1)
pull up V and Ni in marine vessels factor; (2) pull up IsoT in SOA factor and (3) pull
down sulfate in SOA factor. The increased Q caused by constraints was 0.6% for all
of the constrained parameter , suggesting the constraints program is acceptable
(Norris et al., 2014). A hundred bootstrap runs were performed with a minimum
correlation R-value to examine the stability and the uncertainty of the base run
solution. All bootstrapped factors were specific mapped to a factor from the base
solution, no factors were unmapped. In displacement (DISP) assessment, no error has
found and the largest observed drop of Q is lower than 1%, suggesting the solution is
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stable. No swap factor was appeared at dQ max=4, indicating there is no significant
rotational ambiguity in the solution. Rotations were introduced to the solutions by
adjusting the FPEAK value from -1 to +1, and the non-rotated solutions (FPEAK=0.0)
were considered to the most interpretable one. A strong linear correlation between the
measured and PMF-predicted OC (OCPMF) concentration (R2=0.92) also suggested a
reliable PMF solution.

3.3 Result and discussion
3.3.1 Source apportionment of organic aerosol
Both mathematical PMF diagnostics and interpretability of the identified factors
were used as the criteria to select the factor numbers, and six-factor solution was
considered to be the most reasonable one (Figure 3.1). The first factor was
distinguished by high loadings of oxalate and biogenic SOA tracers, suggesting the
secondary origin of this source. The second factor was dominated by large amounts of
sulfate and NH4+, suggesting the process of secondary sulfate formation. In the third
factor, about 90% of levoglucosan were resolved into this factor, accompanied with
4-nitrocatechol, phthalic acid and two benzenetricarboxylic acids. It is well known
that semi-volatile organic compounds (SVOCs) primarily emitted from BB could be
further oxidized in the atmosphere to produce SOA (Iinuma et al., 2010; Kundu et al.,
2010), and 4-nitrocatechol was suggested to be the tracer for SOA from the aging of
BB (Kitanovski et al., 2012). Therefore, this factor was defined as BB and SOA
(BB/SOA). BB activities are limited in Hong Kong, however the north wind can bring
air pollutants of BB from the PRD area or further inland into Hong Kong. The forth
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factor was identified as vehicular emission due to the large amount of hopane and EC.
The fifth factor has large amounts of Ni and V, which are signatures of residual oil
combustion from marine vessel (Guo et al., 2009; Viana et al., 2009). It is well known
that Hong Kong is one of the busiest container ports in the world, and which handles
50% of the PRD’s total cargo throughput. Therefore, the fifth factor was identified as
marine vessels. The sixth factor has high loading of Na+, Mg2+ and Ca2+, indicating it

Source contributions (% of total species)
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Figure 3.1 Source contributions (% of total species) resolved by PMF for ambient
sample collected at Hong Kong Baptist University during 2011-2012. Red column:
chemical markers for sources identification.
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In the context of overall OC contribution, the dominant sources contributing to
ambient OC in Hong Kong are BB (OC_BB: 27.9%, 1.17 μgC m-3) and SOA (OC_SOA:
27.5%, 1.15 μgC m-3), followed by marine vessels (OC_marine: 15.6%, 0.65 μgCm-3),
SS (OC_SS: 14.5%, 0.60 μgC m-3), vehicle emissions (OC_vehicle: 10.5%, 0.44 μgC m-3)
and sea salt (OC_sea: 4.0%, 0.17 μgCm-3). Since a fraction of SOA was resolved in the
BB factor as SOA from the aging of BB (SOC_ BB ), (SOC_ BB ) has been calculated
using the following equation to obtain a more accurate quantification of SOA:
SOC_BB

= OC_ BB

− [LEVOBB]
0.082

where OC_BB and [LEVOBB] are the amounts of OC and levoglucosan resolved
in BB/SOA factor. The amounts of POC from BB (POC_ BB ) in BB/SOA factor is
calculated by dividing [LEVOBB] with 0.082, assuming that levoglucosan is a
commonly accepted tracer for BB with stable physiochemical properties in the
atmosphere.

Based on combustion chamber experiments, Zhang et al. reported

average ratio of levoglucosan to POC from BB is 0.082 for the main types of Chinese
cereal straw (rice, wheat and corn) (ZHANG et al., 2007). As cereal straw is one of
the most abundant BB source in China, the above ratio (0.082) was used to estimate
BB contribution to primary OC in Beijing (Zhang et al., 2008) and Hong Kong(Sang
et al., 2011). Therefore, in this study, the value of 0.082 was selected to calculate
POC_BB.
Based on PMF results, the source specific contributions to OC were extimated
and demonstrated in Figure 3.2. The three secondary sources were the major
contributor to OC (51.4%, 2.15 μgC m -3) during the whole year in Hong Kong, of
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which secondary organic-rich source (including OC_ SOA and SOC_BB) was the most
predominant (36.9%, 1.54 μgC m-3). This result is quite similar to the study reported
in other PRD area, Huang et al. found secondary organic-rich source account for
30-40% fo OC in Guangzhou (R. J. Huang et al., 2014). Similar to our previous study,
higher level of OC_SOA was observed on regional days (1.75 μgC m -3) than on LRT
(1.14 μgC m-3) and local days (0.78 μgC m-3), accounting for 33.7%, 27.9% and 24.0%
of OC in each synoptic days, respectively (Hu et al., 2010). On regional days, large
amount of air pollutants, which could be secondarily formed in the atmosphere, were
brought into Hong Kong through regional transport. SOC_BB exhibited 7 times higher
concentration on regional days than that on local days, suggesting non-local sources
as the dominant contributors to SOC_BB. Although the BB contribution to VOCs can
be

negligible

in

Hong

(http://www.epd.gov.hk/epd/english/environmentinhk/air/data/emission_inve.html),

Kong
pollutants

generated from open burning of the rice straw and other crops are postulated to be
transported from the PRD region into Hong Kong (Hu et al., 2010). In addition,
Huang et al. suggested the SOA formation of BB via OH∙ is reachable in 4-14h in four
cities of China (including Beijing, Shanghai, Guangzhou, Xi’an), when holding the
temperature at -10 oC. Even at such low temperature, SOC_BB formation rate is quite
fast. Thus, on regional days, large amount of emissions from BB and fast secondary
formation rate of these emissions enhance the SOC_BB level in the Hong Kong
atmosphere. Beside secondary organic-rich source, secondary inorganic-rich source
(OC_ SS ) also exhibited the highest value on regional days (0.82 μgC m -3 ), and it
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remained a stable contribution to OC on different synoptic days (12.2-17.1%). Several
studies showed that SO2 emissions in the PRD region from rapid industrialization and
urbanization were the dominant contributors to secondary sulfate in Hong Kong
through both gas-phase and in-cloud oxidation (Lu and Fung, 2016; Yu et al., 2005;
Yuan et al., 2006). Thus, the higher emitted SO2 on regional days (5.17 μg m -3) and
regional transportation process could increase the OC_SS formation.
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Figure 3.2 Source-specific contributions to OC under different meteorological
conditions

In addition to the secondary sources, other three primary sources, POC_BB,
vehicle emissions and marine vessels, were also apportioned by PMF and contributing
48.6% of OC throughout the year. Similar to SOC_BB, POC_BB also showed higher
level (19.1%, 1.38 μgC m-3) on regional days due to the large amount emission of BB
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activities in PRD area. OC from vehicle emissions remained higher contribution on
local days (16.4%, 0.49 μgC m -3), consistent with our previous study finding that
vehicle emissions is a dominated OC sources on local days (Hu et al., 2010). Both OC
contribution and concentration from marine vessels on local days (33.2%, 1.00
μgC/m3) were much higher than LRT (6.2%, 0.23 μgC/m3) and regional days (7.5%,
0.37 μgC/m3). On local days, the southeast to southwest wind could bring much more
residual oil combustion form ocean into Hong Kong, leading higher OC of marine
vessels.
In summary, both secondary aerosol sources and air mass origins play important
roles on atmospheric OC in Hong Kong. On regional days, large amounts of OC
generated from BB and other secondary sources in the atmosphere could be brought
from PRD area into Hong Kong during the regional transportation, leading higher
contribution to OC (79.3%, 4.65 μgC/m3 ). In contrast, on local days, local sources,
including vehicle emissions and marine vessels, made a significant contribution to OC
(49.6%, 1.49 μgC/m3).
3.3.2 Estimation of SOC origin
Both biogenic (e.g. isoprene, α-pinene and β-caryophyllene) and anthropogenic
(e.g. naphthalene) hydrocarbons can serve as the precursors of SOA. To assess of
SOA formation from individual VOC precursors, Kleindienst et al. introduced a
tracer-based method to estimate the SOC and SOA formation from isoprene,
monoterpenes, β-caryophyllene and naphthalene (Kleindienst et al., 2012, 2007).
Mass ratio of SOA tracer compounds to total SOC (fSOC) generated from individual
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precursors was defined as
f SOC = ∑ i [tr i ]
[SOC]
where ∑ i[tri] is the sum of the concentrations of SOA tracers for a given VOC
precursor (unit: ngm-3) and [SOC] is the concentration of SOC (unit: ngm-3) generated
from that precursor in chamber studies. The laboratory-derived fSOC for monoterpenes
(SOC_Mono), isoprene (SOC_ Iso), β-caryophyllene (SOC_Cary) and phthalic acid
(SOC_Nap) were 0.231 ± 0.111, 0.155 ± 0.111, 0.0230 ± 0.0046 and 0.0103 ± 0.0043,
respectively. Wang et al. noted the SOA tracer-based method would significantly
underestimate [SOA] of monoterpene (Wang et al., 2013). Ding et al. gave a
reasonable explanation that the mismatch of monoterpene tracers measured in air and
used to derive fSOC of monoterpenes in chamber studies may increase the uncertainty
of monoterpenes [SOA], and then they applied fSOC and fSOA values from Offenberg et
al.’s chamber study which applied the matched five Mono_ SOA tracers (Ding et al.,
2014). In this study, we measured 3 of the 9 monoterpene tracers in Kleindienst et
al.’s study (Kleindienst et al., 2009) and 3 of 5 monoterpene tracers in Offenberg et
al.’s study (Offenberg et al., 2007a). Therefore, to lower the uncertainty induced from
the mismatch in tracer conpositions, monoterpene fSOC (0.059) was applied to estimate
the monoterpene [SOA] (Offenberg et al., 2007b).
As shown in Figure 3.3, SOC estimated by tracer-based method (SOCTBM)
ranged from from 0.10 to 1.39 μgC m-3 in Hong Kong and exhibited concentration on
regional days (0.25 μgC m-3) than that on LRT (0.45 μgC m-3) and Local days (0.74
μgC m-3). Similar to our pervious study, SOC_Mono was found to be the most
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significant SOC contributors among the targeted SOA precursors in Hong Kong, and
it ranged from 0.04 to 0.55 with an average concentration of 0.18 μgC m -3 . The
emission inventories of biogenic volatile organic compounds (BVOCs) in the PRD
revealed that the monoterpenes (102 kt, 8.9╳ 1010 gC ) was the dominant precursor
over other biogenic ones(Zheng et al., 2010). Similar to Mono_SOA tracers, SOC_Mono
showed highest level on regional days (0.31 μgC m-3) than that on LRT (0.17 μgC m-3)
and local days (0.11 μgC m-3). SOC_Iso, SOC_Cary and SOC_Nap also showed a clear
meteorological variation, with significantly higher concentrations on regional days
(SOC_ Iso: 0.14 μgC m -3; SOC_ Cary: 0.10 μgC m -3 ; SOC_ Nap: 0.19 μgC m -3) than on
LRT (SOC_Iso: 0.07 μgC m -3; SOC_Cary: 0.08 μgC m -3; SOC_Nap: 0.13 μgC m -3) and
local days (SOC_Iso: 0.04 μgC m-3; SOC_Cary: 0.04 μgC m-3; SOC_Nap: 0.06 μgC m-3).
On regional days, large amounts of VOC precursors could be transported and further
oxidized during the region transportation. Conversely, on local days, the southerly
wind bring clean air masses from South China Sea into Hong Kong, leading to low
levels of VOC precursors and further oxidation chances in the atmosphere. These
results highlight that mass origins play an important role on the SOC formation from
both biogenic and anthropogenic VOCs. Due to the SOC TBM is directly calculated
with the measured concentration of individual SOA tracers in the ambient aerosols,
SOC attributed to each VOC precursor showed the same meteorological variations as
their SOA tracers.
To obtain a more comprehensive understanding about SOC, total SOC
apportioned by PMF (SOCPMF) was calculated using the following formular:
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SOC PMF = OC_ SOA + SOC_ BB + OC_ SS
where OC_SOA is the amounts of OC apportioned to SOA factor by PMF and OC_SS is
the OC concentrations resolved in SS by PMF.
As Figure 3.3 illustrated, SOC PMF ranged from 0.00 to 5.53 μgC m -3, with an
average value of 2.15 μgC m-3. Similar to SOCTBM, SOCPMF exhibited higher
concentration on regional days (3.27 μgC m-3) than that on LRT days (2.36 μgC m-3)
and local days (1.36 μgC m -3). In addition, SOC_ BB and OC_ SS, which are directly
under the influences of anthropogenic activities, contribute to 46.4% of the SOCPMF
during the whole year. This result showed, not only the mass origins, but also the
anthropogenic activities also had a significant impact on SOC formation.
Temporal trends between SOCPMF and SOCTBM are quite similar (R2=0.71).
However, the SOC TBM only contribute to 24.1% of the SOC PMF, suggesting SOC
could be underestimated by tracer-based method. A reasonable explanation is that
secondary formation from aqueous-phase reactions and other SOA precursors might
not be considered in the SOA tracer-based method, due to the chamber study
introduced tracer-based method only simulate gas-phase oxidation of VOC
precursors(Kleindienst et al., 2009). There results also demonstrated that applying
PMF to estimate SOC contribution could avoid uncertainty of source profiles and
obtained a more broadly knowledge of SOC.
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Figure 3.3 Temporal variation of total SOC (SOCPMF) and SOC evaluated by
tracers-based method (SOCTBM) in Hong Kong.

3.3.3 Effects of anthropogenic influences on secondary aerosol formation
As mentioned early, anthropogenic influences should have an important effect on
the SOC formation. Recent laboratory studies also suggested that biogenic SOC
formation dependences on O3, total liquid content (LWC), particle acidity (HP+) and
sulfate (Donahue et al., 2005; Surratt et al., 2010a; X. Zhang et al., 2014), however
the solid evidences from ambient measurement data is still limited.

Pearson’s

correlation between SOCs (e.g. SOC_Mono, SOC_Iso, SOC_Cary, SOC_ Nap, SOC_ BB
SOC_SOA and OC_SS)and O3, LWC, HP+, sulfate were calculated and showed in table
3.1. In this study, sulfate is well correlated with SOC_Mono (R=0.64, P<0.01).
Previous studies showed that piene oxides, the important intermediates of
monoterpene SOA formation, is an oxidation product generated form monoterpenes in
the gas-phase(Berndt et al., 2003; Yu et al., 2008). Recently chamber studies
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suggested the same types of chemical reactions might be occurring for pinene oxides
on SOA as have been identified for IEPOX on SOA (Iinuma et al., 2010; Lal et al.,
2012). Thus, similar to IEPOX further reactions, pinene oxides also require
nucleophiles (e.g. sulfate, nitrate) for facilitate further particle-phase reaction to form
both organosulfate and other tracers(Xu et al., 2015). During this process, sulfate is
the most important due to its higher concentration and stronger nucleophilic strength
compared with nitrate (Chapter 1, Table 2.3). Once pinene oxides is on the particle
phase, subsequent nucleophilic attack by sulfate might prevent the reversible
partitioning of pinene oxides back to the gas phase. Therefore, sulfate is the important
parameter affecting monoterpene SOA formation in Hong Kong. SOC_Nap also
showed strongly correlated with sulfate (R=0.54, P<0.01). However, no systematic
study about the sulfate effect of secondary formation from naphthalene, and this
should be further studied. Science SOA source was dominated by high loadings of
biogenic SOA tracers and sulfate plays a key role in the formation of these tracers, a
significant correlation between OC_SOA and sulfate could be found in this study
(R=0.60, P<0.01). Because sulfate-related OC was determined by the sulfate value in
the atmosphere, the OC_ SS resolved by PMF could be definitely correlated with
sulfate. In fact, significant correlation (P<0.01) was observed between OC_ SS and
sulfate. Other model-estimated SOC did not significant correlate with four
parameters.
In order to perform a quantitative and comprehensive understanding about
impacts of O3, LWC, HP+ and sulfate on SOC formation, multivariate linear regression
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analysis was applied on PMF resolved SOC data (including OC_ SS, OC_ SOA and
SOC_BB) and real atmospheric data . The multivariate linear regression was analyzed
by the following equations:
OC_SS = β 0 + β 1╳LWC + β 2╳H p + β 3╳SO 24− + β 4╳O 3
′

OC_ SOA = β 0 + β1′ ╳LWC + β2′ ╳Hp + β3′ ╳SO24− + β4′ ╳O3
′′

SOC_ BB = β 0 + β1′′ ╳LWC + β2′′ ╳Hp + β3′′ ╳SO24− + β4′′ ╳O3
First, sulfate has a statistically significant (P<0.0001) positive linear relationship
with OC(SS)PMF with a regression coefficient of 0.06, suggesting that 1 μg m−3
increase in sulfate was associated with a 0.06 μg m−3 increase in sulfate-derived OC
(Table 3.2). This may be due to the predominant role of sulfate in the particle-phase
formation of organosulfates (Surratt et al., 2007), a most important component for
SS-resolved OC. Table 3.2 showed that Hp+ has significant positive linear relationship
with SOC_BB (P<0.01), with regression coefficient of 0.31, indicating 1 mol L-1
increase in particle acidity was associated with a 0.31 µg m -3 increase in SOC_ BB .
This result indicates SOA from BB are influenced by particle acidity. Phenols, which
are produced from the combustion of lignin, are a typical class of gaseous compounds
emitted in large amounts from BB (Bruns et al., 2016; Schauer et al., 2001). Recent
laboratory studies indicate that phenols can undergo multiphase photochemical
reactions in the atmosphere, which served as good SOC_BB candidates, such as
nitrophenols, nitrocatechols (Finewax et al., 2018; Yu et al., 2014) and a higher rate of
photonitration of phenols in aqueous phase was found at lower pH (Vione et al., 2001).
In this study, large amount of 4-nitrocatechol (33.1%) distributed in BB. Due to the
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similar

mechanism

has

been

proposed

to

explain

the

formation

of

2-nitrophenol/4-nitrocatechol form the reaction of phenol/catechol with OH∙/NO3∙
(Finewax et al., 2018; Roger et al., 1992), the formation of 4-nitrocatechol, as well as
4-nitrophenol, might be influenced by particle acidity. Thus, the strong particle acidity
(pH mean: -0.37) in Hong Kong atmosphere could promote the 4-nitrocatechol
formation. Therefore, high particle acidity could lead to the enhancement of SOC_BB
formation. In this study, sulfate did not showed statistically significant impact on the
OC_SOA and SOC_BB, probably due to the sulfate-related OC was well distributed in
SS factor. Together, these results suggest that sulfate promote the SOC formation in
the SS source, O 3 has significant influence on the SOC from SOA source and H p+
showed seriously impact for the aging of BB, indicating the variances of the major
dominated factors on the further formation from the different secondary sources.
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Table 3.1 Regression analysis (Pearson’s R) between tracers-based SOCs, sulfate,
total liquate water content (LWC), particle acidity (HP+) and ozone (O3).
**: P<0.01; *: P<0.05. Note: R>0.5 are bold.
Pearson's R
LWC
Hp+
Sulfate

SOC_Iso
-0.18
0.34*
0.31*

SOC_Mono
0.18
0.32*
0.64**

SOC_Cary
0.12
0.38**
0.42**

SOC_Nap
0.21
0.38**
0.54**

SOC_BB
0.00
0.39*
0.24

OC_SOA
0.41**
0.13
0.60**

OC_SS
0.44**
0.21**
0.87**

O3

0.40**

0.46**

0.04

0.23

-0.06

0.40**

0.50**

Table 3.2 Results of multivariate linear analysis of the relationship between
PMF-resolved SOC and sulfate, LWC, HP+ and ozone O3.
(a)
OC_SS
Variable

Intercept
LWC

R2=0.91 P<0.001
β-coefficient (╳103)
t Value

P Value

Hp

-80.40
-0.79
-101.91

0.66
-0.54
-2.50

0.51
0.59
0.016

Sulfate
O3

61.86
9.81

7.18
1.91

<0.01
0.063

+

(b)
OC_SOA
Variable

Intercept
LWC

R2=0.35 P<0.001
β-coefficient (╳103)
t Value

P Value

Hp

-154.76
6.93
3.90

-0.42
1.52
0.03

0.68
0.14
0.98

Sulfate
O3

37.30
27.07

1.40
1.71

0.17
0.10

+

(c)

Variable

Intercept
LWC

SOC_BB
R2=0.59 P<0.001
β-coefficient (╳103)
t Value

P Value

Hp

-163.179
0.82
312.98

-0.49
0.20
2.80

0.62
0.84
<0.01

Sulfate
O3

25.34
-39.79

1.07
-2.83

0.29
<0.01

+
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3.4 Summary
In this study, Six factors, i.e. sea salt, marine vessel, vehicle, BB/SOA, SOA, and
SS were apportioned by PMF as the major sources of ambient OC in Hong Kong.
Secondary formation, including OC from SOA, aging BB and SS sources, was found
to be the major contributor to OC (~51%, 2.15 µg m-3) though out the whole year. BB
was the major anthropogenic contributor to OC on regional days (27.9%, 1.17µg m-3);
while marine vessel was the dominated contributor to OC on local days (33.2%,
1.00µg m-3).
Both the SOC TBM and SOC PMF were showed higher concentration on regional
days (SOCTBM: 0.74 µg m-3; SOCPMF: 3.27 µg m-3) than them on LRT (SOCTBM: 0.45
µg m-3; SOCPMF: 2.36 µg m-3) and local days (SOCTBM: 0.25 µg m-3; SOCPMF: 1.36 µg
m -3). Among all the individual SOA precursors, monoterpenes was made to be the
most abundant contributor (40.9%) to SOC TMB during the whole year. Moreover,
based on the results of Person’s correlation and multivariate linear regression, sulfate
has significant impacts on monoterprenes, naphthalene and SS-related SOC, ozone
has positive influence on the OC formation from SOA and particle acidity (H P+ )
controls the aging of BB. These results indicate air mass origins and anthropogenic
activities played a significant role on the formation of fine particles, especially SOA,
at this urban site in Hong Kong.
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Chapter 4 Oxidative potential of fine particulate matter
(PM2.5) in Hong Kong: Characterization and source
apportionment
4.1 Introduction
Fine particulate matter (PM2.5) is the leading public health risk factor for global
disease burden, which has caused 4.2 million deaths in 2015 (Cohen et al., 2017). A
number of epidemiological studies have found that exposure to PM 2.5 is associated
with a series of respiratory and cardiopulmonary diseases (Gass et al., 2015; Hennig
et al., 2014; Krall et al., 2017; Ostro et al., 2016; Sarnat et al., 2008; Zhou et al., 2011).
Increasing evidences have suggested that many of the PM-associated adverse health
effects are caused by the generation of reactive oxygen species (ROS) and the
resulting oxidative stress within the affected cells (Ayres et al., 2008; Li et al., 2008;
Weichenthal et al., 2016). ROS refers to a group of oxygen-containing free radicals
and reactive molecules with strong oxidizing ability, such as hydroxyl radical (∙OH),
superoxide anions (O2-•), hydrogen peroxide (H2O2), organic peroxy radical (ROO∙),
organic hydroperoxides (ROOH) and so on. To assess the ROS generation ability of
PM2.5,

a

number

of

acellular

methods

have

been

developed,

such

as

dichlorofluorescein (DCFH) assay (Crobeddu et al., 2017), ascorbic acid (AA) assay
(Fang et al., 2016) and dithiothreitol (DTT) assay (Ma et al., 2018). Of all these
assays, DTT assay is the most widely used, since it responses to a wide spectrum of
chemical species, varying from metals (i.e. Cu, Mn, and Fe) (Charrier and Anastasio
2012; Xiong et al, 2017) to organic complex (e.g. humic-like substances (HULIS)
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(Lin and Yu 2011; Ma et al. 2018). Many studies have used it to evaluate the oxidative
potential of ambient PM2.5 and source particles(Ma et al., 2018; Verma et al., 2014).
The limitation of DTT assay is that, the consumption rate of DTT only
corresponds to the production of O2-•, and it cannot catch the generation of other ROS,
such as the more damaging ∙OH. However, many redox-active species, such as
quinones and Cu(II), behaved quite differently in their DTT activities and ∙OH
generation abilities (Xiong et al., 2017). Moreover, there are both synergistic and
antagonistic interactions among these species in ROS activity. Yu et al. reported that
Mn and quinones worked synergistically in DTT oxidation but antagonistically in ∙OH
production. To get a more inclusive picture of PM-induced ROS activity, Xiong et al.
incorporated a fluorescence-based probe into the DTT assay, and achieved a
simultaneous measurement of both DTT consumption and ∙OH generation in each
sample (Xiong et al., 2017; Yu et al., 2018). They found that PM2.5 fractions
contributing to DTT oxidation and ∙OH generation were different, however, only a
few ambient sample (N=9) and pure compounds have been involved in their study.
Since PM 2.5 of different source origins has different chemical composition, its
associated oxidative potential also varies. Many laboratorial, smog chamber and field
studies have been carried out to investigate the ROS generation capacity and toxicity
of ambient PM collected worldwide (Cho et al., 2005; Song et al., 2006; Verma et al.,
2009) and particles emitted/generated from different specific sources, such as carpet
dust (Ameen et al., 2003), gasoline and diesel exhaust particles (Vattanasit et al.,
2014), biomass burning (BB) (Panas et al. 2014), and SOA formed from the
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ozonolysis and photo-oxidation of biogenic and anthropogenic hydrocarbons (Kramer
et al., 2016; Lund et al., 2013; McWhinney et al., 2013). However, only a few studies
have tried to quantify the source-specific contributions to PM2.5-induced ROS activity.
Positive matrix factorization (PMF) has been successfully applied to apportion the
sources of PM2.5-induced ROS around the world (Liu et al., 2014, 2018; Verma et al.,
2014). Verma et al. reported that BB and secondary organic aerosol (SOA) were the
major contributors (66%) to ROS activity of water-soluble PM2.5 collected in Atlanta
(Verma et al., 2014). A study conducted in northern China showed that the intrinsic
oxidative potential of PM 2.5 from coal combustion was approximately 2 times than
that from SOA, although SOA contributed most to PM 2.5 mass (Liu et al., 2018).
However, all these studies only used DTT consumption as the representative of PM2.5
associated ROS activity and included it in PMF analysis. No attention was paid to the
∙OH generation ability of PM2.5 from various sources.
In this study, we aim to have a more comprehensive characterization and source
apportionment of PM2.5 redox activity. Both DTT consumption and ∙OH generation
induced by water-soluble extracts of PM 2.5 samples in DTT assay were determine.
Forty-five PM2.5 samples collected in Hong Kong during 2011-2012 were analyzed.
PMF was applied to apportion the major sources of both PM 2.5 and the associated
oxidative potential of water-soluble PM 2.5 extracts. We not only obtained a
quantitative estimation of the source-specific contributions to PM 2.5-induced DTT
activity and ∙OH generation ability, but also evaluated the intrinsic oxidative potential
of PM2.5 from different sources. Results from this study provide scientific basis for the
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prediction of PM2.5-associated adverse health outcomes and help the policy makers to
formulate cost-effective and targeted PM 2.5 mitigation strategies to protect public
health.

4.2 Experimental section
To better understand the ROS activity of water-soluble PM 2.5 in Hong Kong
during 2011-2012, the following experiments were conducted with the same samples
used in Chapter 2 and 3.

4.2.1 Analysis of water-soluble organic carbon (WSOC) and Humic-like
substances (HULIS)
A detailed description of the analytical procedure and ambient concentration
levels of WSOC and HULIS were provided in previous studies (Kuang et al., 2015;
Lin and Yu, 2011; Ma et al., 2018). Humic-like substances (HULIS), the hydrophobic
fraction of water-soluble organic carbon (WSOC), was determined using an
evaporative light scattering detector (ELSD). HULIS-C was calculated by dividing
the mass of HULIS by a factor of 1.9 (Ma et al., 2018). For the analysis of WSOC, 15
cm2 of quartz filter was cut into small pieces and sonicated for 45 min with 15 mL of
DDI water. The extract was filtered through a Millipore 0.45μm PTEE hydrophobic
Teflon filter, and quantified using a TOC analyzer equipped with a non-dispersive
infrared (NDIR) detector (Shimadzu TOC-VCPH, Japan). Calibration of the WSOC was
carried out using the standard solution of sucrose. Hydrophilic WSOC (WSOC-h) was
determined as the difference between WSOC and HULIS-C

60

4.2.3 Preparation of the stock solutions for ROS assay
Phosphate buffered saline (PBS) solution with a pH value of 7.4 was treated with
Chelex 100 (Bio-Rad, Hercules, CA) to remove trace metal contamination. A 1.0 mM
DTT ( >99%; Sigma Aldrich, USA), 1.0 Mm 5,5’-dithiobis-2-nitrobenzoic acid
(DTNB, ≥98%; Sigma Aldrich, USA) and 0.1M disodium TPT (>99%; Tokyo
Chemical Industry, Japan) were prepared in Chelex-treated PBS. A solution of 50 mM
2-hydroxyterephthalic acid (2-OHTA, >99%; Tokyo Chemical Industry, Japan) was
made in DMSO. DMSO (100mM) was made in MilliQ water.

4.2.4 Sample pretreatment for ROS assay

A portion of 15 cm2 of PM2.5 sample was cut into small strips, put into a clean
centrifuge tube with 10 mL of DDI water, and sonicated for 45 min. The extract was
then filtered through a Millipore 0.45μm PTEE hydrophobic Teflon filter, freeze-dried,
re-dissolved in 500 μL DDI water, and store at -20 oC before use. Filter blank solution
was obtained following the same sample preparation procedure.
4.2.5 Estimation of oxidative stress
The measurement of DTT consumption and ∙OH generation induced by water
soluble-PM2.5 in DTT assay was conducted following the protocols in Ma et al. and
Xiong et al. with little optimization (Ma et al., 2018; Xiong et al., 2017). Eighteen
microliter of water soluble-PM2.5 extract was transferred into an eppendorf tube. Then
1582 μL of Chelex-treated PBS, 200 μL of 1mM DTT and 200 μL of 0.1 M TPT were
added and mixed thoroughly. The total reaction volume was 2 mL and pH was about
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7.4. After incubation at 37 oC at a given time period (i.e. 0, 60, 90, and 120 min), 500
μL of the reaction solution was take out and immediately mixed with 250 μL of 100
mM DMSO to quench the reaction between ∙OH and TPT, and then the solution was
used for 2-OHTA measurement. The emission intensity of 2-OHTA was measured
using spectrofluorophotometer (LS55B, Perkin Elmer, USA) with the excitation and
emission wavelength at 310 and 425 nm, respectively. The slit widths of both
excitation and emission were set at 15 nm. The concentration of 2-OHTA ([2-OHTA])
was calculated by conducting a calibration with [2-OHTA] prior to the experiment.
[2-OHTA] was plotted against incubation time, the 2-OHTA formation rate (k2-OHTA)
is derived from the slop of this linear regression. For measurement of DTT
consumption, 200 μL of 1.0 mM DTNB was added into the remaining incubated
solution. The absorbance (A) of the remaining solution at 412 nm was measured
within 30 min by an ultraviolet-visible (UV-Vis) spectrophotometer (8453, Hewlett
Pakard, USA). Each sample was analyzed in triplicate. For every four water-soluble
PM 2.5 samples, one filter blank solution was used as control group. The DTT assay
response (RDTT), considered as the percentage of DTT consumption, is calculated with
Eq. (1)
R DTT = A 0 − A S × 100%
A0

(1)

where A 0 is the absorbance of blank sample and A S is the absorbance of ambient
sample.
The molar of DTT consumption (M_cDTT) is calculated with Eq. (2)
M_c DTT = M_o DTT × R DTT
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(2)

where M_oDTT is molars of DTT, which is 200nmol in this case.
M_cDTT was then plotted against incubation time, and a linear regression was
obtained. The slop of this linear regression is the rate of DTT consumption (k DTT).
The kDTT and k 2-OHTA were then normalized by the volume of ambient air samples
(DTTV and 2-OHTAV), which represent the exposure related ROS activity of PM2.5.
The DTTV (nmol min-1 m-3) and 2-OHTAV (pmol min-1 m-3) were calculated using Eq.
(3) and Eq. (4)
kDTT× FT

DTTV =

Fe

(3)

Va

where Va is the total volume of air sampled during 24h (~1600 m3). FT is the total area
of quartz filter with PM2.5 deposition (390.6 cm2) and Fe is the area of quartz filter that
corresponds to the amout of PM2.5 extract used for DTT assay (0.54 cm2).
k2−OH TA×V D ×V M × FT
Vi

2 − OHTA V =

Va

Fe

(4)

where VD is total volume of transferred incubating mixture and 100 mM DMSO (750
μL), V M is total volume of incubating mixture (2 mL) and V i is the volume of
transferred incubating mixture (500 μL).
To get a better understanding at the intrinsic ROS activity of water-soluble PM 2.5,
DTT V and 2-OHTA V were then normalized by the mass concentration of PM 2.5 on
each sampling day (DTT m and 2-OHTA m ), which are consistent with other studies
around world.
4.2.6 Source apportionment.
In this study, United States Environmental Protection Agency PMF 5.0 was
applied to identify the major sources and quantify their contributions to water

63

soluble-PM2.5 induced ROS activity. Two sets of PMF analysis were conducted in this
study. For the first set, DTTV and 2-OHTAV, together with 18 chemical species were
input into PMF, including EC, OC, WSOC, HULIS-C, WSOC-h, sulfate, ammonium,
metals (i.e. V, Mn, Fe, Ni, Zn) and various primary and secondary organic markers
(e.g.,

hopanes,

levoglucosan,

isoprene-tracers

(∑C5-Alkene

triols),

monoterpene-tracers (MonoT)). Similar to previous chapter, some organic tracers
were lumped together and the lumped species were used as the fitting species in PMF
instead.. For the second set, in order to assess the intrinsic oxidative stress inducing
ability of various sources, we apportion the PM2.5 sources with the same 18 chemical
species used in the DTTV and 2-OHTAV source apportionment. The uncertainty
values of chemical species were calculated using the method described in Chapter 3.
The uncertainty values of DTT consumption and 2-OHTA formation were set as 0.4
of average annual value. Hundred base runs were performed in each modeling run and
the run with the minimum Q value was selected as the solution. QRobust/QTrue ratio was
1.00, indicating that the solution was not influenced by outliers, and scaled residuals
normally distributed between -0.2 and 0.2. Constraints were set for the following
factors using information about markers and their known related sources: (1) pull up
Fe in metal factor; (2) pull up Hopanes in vehicle emissions factor and (3) ∑Pinene
tracers pull up in SOA factor. The increased Q caused by constraints was 0.8% for all
of the constrained parameter , suggesting the constraints program is acceptable(Norris
et al., 2014). A hundred bootstrap runs were performed with a minimum correlation
R-value to examine the stability and the uncertainty of the base run solution. All
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bootstrapped factors were specific mapped to a factor from the base solution, no
factors were unmapped. In displacement (DISP) assessment, no error has found and
the largest observed drop of Q is lower than 1%, suggesting the solution is stable. No
swap factor was appeared at dQ max=4, indicating there is no significant rotational
ambiguity in the solution. Rotations were introduced to the solutions by adjusting the
FPEAK value from -1 to +1, and the non-rotated solutions (FPEAK=0.0) were
considered to the most interpretable one

4.3 Results and discussion
4.3.1 Characterization of ROS activity induced by water-soluble PM2.5
In this study, water-soluble PM 2.5-associated DTT and 2-OHTA activity in 45
PM2.5 samples were quantified. DTTV, DTTm, 2-OHTAV and 2-OHTAm in different
seasons and source patterns are showed in Figure 4.1, Figure 4.2, Figure 4.3 and
Figure 4.4.
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Figure 4.1 Seasonal variation of DTTV and 2-OHTAV induced by water-soluble
PM2.5 in Hong Kong.

Figure 4.2 Meteorological variation of DTTV and 2-OHTAV induced by
water-soluble PM2.5
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Figure 4.3 Seasonal variation of DTTm and 2-OHTAm induced by water-soluble
PM2.5 in Hong Kong.
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Figure 4.4 Meteorological variation of DTTm and 2-OHTAm induced by
water-soluble PM2.5
4.3.1.1 Water-soluble PM2.5-induced DTT consumption and 2-OH formation
The annual DTTV ranged from 0.39 to 0.82, with an average value of 0.56 nmol
min-1 m-3. Figure 4.1 showed higher DTTV activity in winter (mean: 0.61 nmol min-1
m-3) than in other three seasons. A meteorological variation of DTTV were observed
(Figure 4.2), with higher level on regional days (mean: 0.63 nmol min-1 m-3) than that
on LRT (mean: 0.58 nmol min -1 m -3) and local days (mean: 0.52 nmol min-1 m -3),
suggesting that when the chemical compositions and sources of PM2.5 samples vary
under the influence of different air mass origins, the extent to which they affect the
PM 2.5-induced DTT consumption also varies. The air pollutant from regional
transportation (PM2.5_regional: 37.7 μg m-3) is higher than that on LRT (PM2.5_LRT:
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35.0 μg m -3) and local days (PM 2.5_local: 23.0 μg m -3 ), leading to a relative high
levels of DTT V . In this study, DTT V was approximately 2 times higher than that
measured in Beijing (mean: 0.22 nmol min -1 m -3) and some urban cities in Atlanta
(mean: 0.30 nmol min-1 m -3), and about 10 times lower than that observed in three
coastal cities of the Bohai Sea (mean: 5.1 nmol min-1 m -3)(Liu et al., 2014, 2018;
Verma et al., 2014). In addition, we could find the trend of PM 2.5 concentrations
(mean, Hong Kong: 29.9 μg m-3; Beijing: 120 μg m-3; Atlanta: 9.3 μg m-3; Bohai Sea:
115.7μg m-3) in these studies could not explain the differences of their PM2.5-related
DTTV. This indicated that PM2.5-induced ROS may not be properly evaluated relying
on the PM 2.5 mass alone. Thus, DTT m which represented the intrinsic property of
particles was calculated in this study. Figure 4.3 and 4.4 showed the seasonal and
meteorological trends of DTTm induced by water-soluble PM2.5 in Hong Kong during
2011-2012. The DTT m ranged from 0.012 to 0.065, with an average value of 0.022
nmol min-1 per μg PM 2.5, and showed higher value in summer (mean: 0.032 nmol
min-1 per μg PM2.5) than other three seasons. Unlike DTTV, DTTm exhibited higher
levels on local days (mean: 0.026 nmol min-1 per μg PM2.5) than that on LRT (mean:
0.018 nmol min -1 per μg PM 2.5) and regional days (mean: 0.017 nmol min -1 per μg
PM2.5). Again, a reasonable explanation is that the chemical components and sources
on local days might have strong DTT consumption ability. In addition, DTTm
exhibited about 10 times higher than that measured in Beijing (mean: 0.0018 nmol
min-1 per μg PM2.5) and approximately 1.5 times lower than that quantified in Atlanta
(mean: 0.035 nmol min-1 per μg PM 2.5) and some regions in Bohai Sea (0.038 nmol
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min-1 per μg PM2.5) (Liu et al., 2014, 2018; Verma et al., 2014).
As Figure 4.1 and 4.2 illustrated, 2-OHTA V ranged from 0 to 2.15, with an
average value of 0.73 pmol min -1 m -3 , which was about 5 times higher than that
measured in University of Illinois Urbana-Champaign (0.15 pmol min-1 m-3). It
showed relatively higher value in autumn (mean: 0.93 pmol min -1 m -3) than other
three seasons. Similar to DTT V, 2-OHTA V also exhibited higher level on regional
days (1.14 pmol min -1 m -3) than that on LRT (0.96 pmol min -1 m -3) and local days
(0.37 pmol min-1 m-3). On regional days, air pollutants in the region could be
transferred into Hong Kong and might increase the 2-OHTAV. The 2-OHTAm ranged
from 0-0.066, with an average value of 0.024 pmol min-1 per μg PM2.5, and it showed
relatively higher value in autumn (0.028 pmol min-1 per μg PM2.5) and winter (0.028
pmol min -1 per μg PM 2.5) than that in other two seasons (Figure 3.3). Unlike the
DTTm, 2-OHTAm showed higher level on regional (0.32 pmol min-1 per μg PM2.5) and
LRT days (0.29 pmol min-1 per μg PM2.5) than that on local days (0.017 pmol min-1
per μg PM 2.5) (Figure 3.4). This result implied that chemical species and sources of
PM2.5 from the outside-Hong Kong region might have higher capability of ∙OH
generation than that on other mass origin conditions.
To further assess if DTT consumption and 2-OHTA formation provide more
information about the mechanism of ROS generation induced by water-soluble PM2.5,
we examined correlation between DTT V and 2-OHTA V (Figure 4.5). Interestingly,
there is no apparent correlation between DTTV and 2-OHTA V (R2=0.15). We could
find even though some local samples could induce high DTT oxidation, however,
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these samples did not cause high ∙OH generation. In contrast, some regional samples
could generate a large amount of ∙OH with even a small amount of DTT consumption.
This result indicates that probably some specific compounds that are active in DTT
oxidation but have weak ∙OH generation ability; while other compounds may generate
∙OH, even without interacting with DTT.
2.5
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LRT days
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Figure 4.5 Rate of DTT consumption versus 2-OHTA generation from water-soluble
PM2.5 samples.

4.3.1.2 Linear regression of DTT and 2-OHTA activity with PM2.5 chemical
composition
In this chapter, person’s correlation between oxidative stress responses and
chemical components were calculated and shown in Table 4.1. Considering the
volume normalized levels of DTT and 2-OHTA activity have the same unit with
chemical species in PM2.5, the regression was conducted on the DTTV, 2-OHTAv and
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selected chemical components.
Table 4.1 Pearson’s R analysis between ROS activity and selected PM2.5 components.
**: P<0.01; *: P<0.05.
DTTV

2-OHTAV

OC

.79**

.52**

EC

.36*

.06

WSOC

.84**

.63**

HULIS-C

.79**

.61**

WSOC-h

.78**

.56**

V

.19

-.49**

Ni

.16

-.50**

Mn

.65**

.47**

Fe

.50**

.62**

Zn

.41**

.44**

Hopanes

.25

.11

∑C5-Alkene triols

.51**

.51**

MonoT

.65**

.58**

Levogluocan

.52**

.41**

Sulfate

.58**

.35*

In this study, DTT V strongly correlated with WSOC (R=0.84). WSOC results
from all major sources (e.g. SOA, BB, marine vessels and vehicle emissions). Thus,
this strong correlation value underlines the general contribution of organic species in
the DTT activity potential. This result is also consistent with what have been observed
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in other areas around the world (Biswas et al., 2009; Liu et al., 2014; Verma et al.,
2014, 2012). In addition, a significant correlation between WSOC and 2-OHTA V
(R=0.63) was observed, suggesting the water-soluble organic species could also
produce the ∙OH in the assay. WSOC contributed the major fraction of OC in Hong
Kong (WSOC/OC=52%), hence, a significant correlation (R=0.79) was also observed
between

DTTV

and

OC.

HULIS-C,

a

hydrophobic

fraction

of

WSOC

(HULIS-C/WSOC=53%), exhibited a strong correlation with both DTT V and
2-OHTAV (R=0.79 and 0.61), suggesting HULIS-C plays a key role on the generation
of ROS induced by water-soluble PM2.5. HULIS could be either formed from primary
emissions (e.g., vehicle emissions), and secondary formations (e.g., SOA) (Kuang et
al., 2015; Lin and Yu, 2011). Lin et al. and Ma et al. measured the oxidative potential
of HULIS in PRD area and Beijing, and suggested it as one of the major ROS fraction
in PM 2.5 (Lin and Yu, 2011; Ma et al., 2018). WSOC-h, the hydrophilic fraction of
WSOC (WSOC-h/WSOC=47%), was also correlated well with DTTV in the present
study, although previous study showed that PM 2.5-related HULIS in the PRD area
could account for about 80% of the DTT activity of WSOC (Lin and Yu, 2011). This
association indicated that WSOC-h could also induce the DTT activity, even the DTT
consumption ability of this fraction might be lower than that of HULIS. In contrast to
DTTV, 2-OHTAV did not strongly correlated with WSOC-h (R=0.56) in Hong Kong,
suggesting WSOC-h fraction could not effectively generated ∙OH in the assay. In
addition, some organic markers (e.g., levoglucosan and MonoT) also showed
correlation with DTT V and 2-OHTA V (R=0.52-0.65), suggesting that SOA and BB
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could be account to the ROS generation sources. It was worth noting that the
correlations between organic species and DTTV were higher than those for the organic
species and 2-OHTAV, indicating that the organic fraction would more likely to
induce the DTT consumption rather than generate ∙OH.
In addition to organic fraction, DTTV and 2-OHTAV is also correlated with
certain metals (Mn (RMn_DTTV=0.65; R Mn_2-OHTAV=0.47), Fe (RFe_DTTV=0.50;
RFe_2-OHTAV=0.62)) in Hong Kong. Similar results were also reported in previous
studies, with a variety of environments investigated (Liu et al., 2018; Verma et al.,
2014, 2009). Interestingly, a higher correlation value is apparent in Mn correlated
with DTTV than that with 2-OHTAV, however, Fe showed the opposite trend. Yu et al.
demonstrated that Mn interacted synergistically with organic species (e.g., quinines,
Hulis) in DTT consumption but antagonistically in ∙OH generation, which may
explain the RMn_DTTV is higher than RMn_2-OHTAV and the higher value of
RFe_2-OHTAV than R Fe_DTTV might be due to the interactions of Fe were strongly
synergistic with organic species (e.g., quinines, Hulis) in ∙OH generation (Yu et al.,
2018).
Cho et al. demonstrated that secondary inorganic ions had no intrinsic DTT
activity (Cho et al., 2005). However, a significantly correlation (R=0.58) between
sulfate and DTTV was showed in Hong Kong and several previous studies also
observe the same correlation (Liu et al., 2018; Verma et al., 2009). It is well known
that acidic sulfate aerosol is a major contributor to the SOA burden and sulfate could
facilitate further particle-phase reaction to form SOA tracers and organosulfate, and
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both these secondary formed components were found to have ROS-generating ability
(Kramer et al., 2016; Xu et al., 2015). Therefore, the correlation between sulfate and
DTT V might be attributed to the covariations of sulfate with its related redox-active
secondary compounds, rather than an actual contribution to DTT activity.
4.3.2 Source apportionment of ROS activity induced by WS-PM2.5
To provide a more quantitative assessment of the contribution of various source
to the PM2.5 oxidative properties in Hong Kong, we applied PMF apportion the major
sources and their relative contributions to water-soluble PM2.5-induced ROS activity.
PMF solutions were tested with 4 to 8 factors. Both mathematical PMF diagnostics
and interpretability of the identified factors were used as the criteria to select the
factor numbers, and six-factor solution was considered to be the most reasonable one
(Figure 4.6).
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Figure 4.6 Distribution of water-soluble PM2.5-associated DTTV and 2-OHTAV in the
six sources resolved by PMF. Red column: DTTV. Orange column: 2-OHTAV.

4.3.2.1 Source-specific contributions to DTT and 2-OHTA activity
As shown in Figure 4.6, the first factor was dominated by large amount of sulfate
and ammnoia, suggesting the process of secondary sulfate formation (SS). In the
second factor, about 80% of levoglucosan were resolved into this factor. Therefore,
this factor was defined as BB. The third factor was distinguished by high loadings of
biogenic SOA tracers, suggesting the secondayr origin of this source. The forth factor
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was identified as vehicle emissions due to the large amount of EC and hopanes. The
fifth factor has a high loading of Ni and V, which are sigature of residual oil
combustion form marine vessels. The sixth factor was distinguished by high
concentration fo Fe, Mn, and Zn is suggested to be the metal factor. The
source-specific contributions to DTTV and 2-OHTAV were showed in Figure 4.7 and
Figure 4.8.
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Figure 4.7 Source-specific contributions to DTTV in Hong Kong.
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Figure 4.8 Source-specific contributions to 2-OHTAV in Hong Kong

The four primary sources, including metal factor, marine vessels, vehicle
emissions and BB, contributed >80% of DTTV in Hong Kong during the whole year,
of which metal factor was the most perdominant (DTT V_metal: 39.1%, 0.216 nmol
min-1 m-3). Liu et al. also observed that a similar high fraction (46-50%) of DTTV was
derived from metal related sources (e.g., soil dust fatctor, lead factor and zinc factor)
in Beijing (Liu et al., 2014). In Hong Kong, coal burning, iron and steel industries,
and dust might be the major sources for the metal factor. Although Hong Kong
derives its energy supplies almost entirely from entirely from external sources, there
are four active power stations which transfer the import fuel inputs to energy. From
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2012 statistics, coal maintained the highest share of the fuel for electricity generation
(53%) in Hong Kong, followed by imported nuclear (23%), natural gas (22%), and
Oil

&

others

(2%)

( http://www.enb.gov.hk/sites/default/files/en/node2605/Report_on_the_Public_Consu
ltationon_e.pdf). The local source of heavy metal factors related PM2.5 may be the fly
ash emissions from the coal-fired power stations (Duan and Tan, 2013). In addition to
power stations, Huang et al. identified crustal dust is a metal related PM2.5 source in
Hong Kong (Huang et al., 2014). Iron and steel industries could emit fugitive dust
containing high concentration of heavy metals, however, most of the metal industries
in Hong Kong relocation to the PRD region since early 1980s. Thus, air pollution
from power plants, crustal dust and industries could be transported from PRD region
on regional days. In fact, as figure illustrated, higher DTTV was observed on regional
days (53.9%, 0.345 nmol min-1 m-3) than that on LRT (54.8%, 0.287 nmol min-1 m-3)
and local days (20.6%, 0.105 nmol min-1 m-3).
Residual oil combustion has been demonstrated as the important aerosol source
responsible for the increasing oxidative stress and inflammation markers (Dye et al.,
1997; Kevin L. Dreher James R. Lehmann, Judy H. Richards, John K. McGee
Andrew J. Ghio Daniel L. Costa, 1997). In this study, marine vessels was found to be
another leading contributor (DTT V_marine: 26.2%, 0.145 nmol min-1 m -3) for the
water-soluble PM2.5-induced DTTV. Hong Kong is one of the busiest container ports
in the world and handles 50% of the PRD’s total cargo throughput, which could
explain marine vessels as the major DTT oxidation source in Hong Kong. In addition,

78

marine vessels-induced DTT consumption showed highest contribution on local days
(48.7%, 0.247 nmol min -1 m -3) than that on LRT (7.8%, 0.41 nmol min-1 m -3) and
regional days (7.9%, 0.5 nmol min-1 m -3). On local days, the southeast to southwest
wind could bring much more residual oil combustion aerosol from ocean into Hong
Kong and induce more DTT consumption.
In this study, vehicle emissions showed 11.5% of the DTTV activity.
(DTTV _vehicle: 0.145 nmol min-1 m -3). This result was in agreement with previous
studies, in which the contribution of vehicle emissions was 12% in Beijing, 9.5% in
cities of Bohai Sea and 16% in Atlanta (Liu et al., 2014, 2018; Verma et al., 2014).
Similar to the marine vessels, DTT V assigned to vehicle emissions exhibited higher
contribution on local days (15.0%, 0.076 nmol min -1 m -3) than that on LRT (7.8%,
0.041 nmol min-1 m-3) and regional days (9.2%, 0.059 nmol min-1 m-3). Although Liu
et al. and Verma et al. found BB account for the major contribution source of DTTV
activity (26.1-35%), the contribution of BB to DTTV was found to be minor
(DTTV_BB: 6.6%, 0.037 nmol min-1 m-3) in the present study during the whole year.
This might be due to BB only emit 4% of the total emission of the FSP and its
contribution

to

VOCs

is

negligible

in

Hong

Kong

(http://www.epd.gov.hk/epd/english/environmentinhk/air/data/emission_inve.html).
However, the pollutants generated form open burning of the rice straw and other crops
could be transported from the other regions into Hong Kong(Hu et al., 2010) and
might lead to high DTTV activity. In fact, DTTV assigned to BB was approximately 6
times higher on LRT (13.8%, 0.072 nmol min-1 m -3) and regional days (8.7%, 0.056
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nmol min-1 m-3) than that on local days (2.0%, 0.01 nmol min-1 m-3).
In addition to the primary sources, previous studies also demonstrated that
secondary source exhibited significantly association with ROS generation(Liu et al.,
2018; Tan et al., 2017; Verma et al., 2014). High oxidized components formed from
precursor gases (e.g., SO2, NOX) and organics could induce oxidative stress(Kramer et
al., 2016). In this study, secondary sources (DTTV_SS: 10.9%, 0.059 nmol min-1 m-3;
DTTV_SOA: 5.7%, 0.032 nmol min-1 m-3) contributed to 16.5% of the DTTV activity
throughout the year, which is lower than that in Northern China and Atlanta (Liu et al.,
2018; Tan et al., 2017; Verma et al., 2014). SS remained a stable contribution to DTTV
in different synoptic days (9.7%-11.8%, 0.53-0.63 nmol min-1 m-3), suggesting
SS-related oxidative stress is quite constant in Hong Kong. Unlike the SS factor, SOA
exhibited higher contribution on regional days (10.6%, 0.068 nmol min -1 m -3) than
that on LRT (5.7%, 0.03 nmol min-1 m-3) and local days (1.9%, 0.009 nmol min-1 m-3).
On regional days, large amount of air pollutants, which could be secondarily formed
during the regional transportation, were brought into Hong Kong, resulting in the
higher DTTV activity.
Furthermore, the source-specific contributions to water-soluble PM2.5-associated
2-OHTAV were also assessed by using PMF. Unlike the DTTV, there are only three
sources (metal factor, vehicle emissions and SOA) contributed to 2-OHTAV. As
Figure 4.9 illustrated, metal factor (2-OHTAV_metal: 84.5%, 0.609 pmol min-1 m-3)
was the leading contributors to water-soluble PM 2.5-induced 2-OHTAV. Xiong et al.
demonstrated ∙OH measurement in DTT assay is more effective in capturing the
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contribution of transition metals (e.g., Fe), which catalyze ROS generation mostly
through Fenton or Fenton-like reaction (Miller et al., 2013; Xiong et al., 2017).
Moreover, in our PMF profile, a fraction of organic fraction (WSOC: 27.3%) was also
resolved in the metal factor. It has been reported that organic compounds could
efficiently form the organometallic complexes with transition metals in the PM 2.5
(Coichev et al., 1992; L. R. Martin, M. W. Hill, A. E Tai, 1991; Singh and Gupta,
2017; Spokes et al., 1996). Wei et al. and Yu et al. validated strong synergistic impacts
of Fe-organic complexation on ∙OH generation in different antioxidant system (e.g.,
DTT assay system, surrogate lung fluid (SLF)) (Wei et al., 2018; Yu et al., 2018).
Thus, given the high ∙OH generation ability of Fe and Fe-organic complexes, large
amount (52%) of Fe in the metal factor may explain the major driver of 2-OHTAV is
metal factor in Hong Kong. In addition, similar to the metal factor-related DTT V ,
metal factor-associated 2-OHTA V exhibited higher level on regional days (87.7%,
0.973 pmol min-1 m-3) than that on LRT (91.1%, 0.811 pmol min-1 m-3) and local days
(73.1%, 0.295 pmol min-1 m-3). In this study, vehicle emissions accounted for the 11.7%
of 2-OHTA V generation (2-OHTA V_vehicle: 0.084 pmol min-1 m -3) and it showed
higher contribution to 2-OHTAV on local days (24.9%, 0.1 pmol min-1 m-3) than that
on LRT (6.0%, 0.054 pmol min-1 m-3) and regional days (7.0%, 0.078 pmol min-1 m-3).
SOA was the minor contributor to 2-OHTA V (2-OHTA V _SOA: 3.8%, 0.027 pmol
min-1 m -3) in Hong Kong. Similar to SOA-associated DTT V, 2-OHTA V assigned in
SOA exhibited higher level on regional days (5.3%, 0.058 pmol min-1 m-3) than that
on LRT (2.9%, 0.026 pmol min-1 m-3) and local days (2.0%, 0.008 pmol min-1 m-3).
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4.3.2.2 Intrinsic oxidative stress inducing ability of PM2.5
To further assess the intrinsic DTT oxidation ability of water-soluble PM2.5 from
different sources, we normalized the DTT V resolved in each source factor by the
amount of PM2.5 mass apportioned to that source (Figure 4.9). SS was found to be the
major source to PM2.5 (PM2.5_SS: 31.7%, 9.31 μg m-3) in the present study, which is
in good agreement with other study reported in Hong Kong (Huang et al., 2014).
However, it showed the lowest intrinsic DTT activity (0.01 nmol min-1 per μg
PM2.5_SS) and none intrinsic 2-OHTA activity. As we discussed earlier, this might be
due to sulfate do not have the intrinsic ROS genreation ability and the low intrinsic
DTT activity of SS might be drived by the organic fraction apportioned in this factor,
and sulfate-related organic species (e.g., organosulfates) were found have negligible
ROS generation ability (Kramer et al., 2016). SOA is the another leading source
(PM 2.5_SOA: 20.6%, 6.058 μg m -3) for PM 2.5 in Hong Kong. Similar to SS, SOA
exhibited minor intrinsic DTT (0.005 nmol min-1 per μg PM2.5_SOA) and 2-OHTA
(0.004 pmol min -1 per μg PM 2.5_SOA) activies. The low intrinsic ROS generation
ability of SOA factor may be mostly attributed to its abundance of biogenic SOA
components, such as isoprene and methacrolein (MACR) tracers, which exhibited
quite low intrinsic DTT activities (0.002 nmol min -1 μg -1 ) (Kramer et al., 2016).
Although some organic peroxides (e.g., isoprene drivened hydroxyhydroperoxide
(ISOPOOH)), which have high intrinsic DTT value (0.49 nmol min -1 μg-1), can be
secondary formed through the ozonolysis of isoprene, the production yields of these
peroxides wrere generally low and thus could not have a signifiant influence on the
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intrisic DTT activity of SOA (Docherty et al., 2005; Kramer et al., 2016; Zhang et al.,
2015). Metal factor was also found to be an important source of PM2.5 (PM2.5_metal:
19.5%, 5.70 μg m -3) in Hong Kong, and both of its intrinsic DTT (0.038 nmol min-1
per μg PM2.5_metal) and 2-OHTA (0.106 pmol min-1 per μg PM2.5_metal) activities
showed high levels. Charrier et al. found that Mn is the most DTT-active metal and
DTT can be more efficiently oxidized by Mn at a low concentration (Charrier and
Anastasio, 2012). Although the intrinsic potential of Fe to oxidize DTT is slow,
servial studies demostrated that Fe typically dominates ∙OH production from ambient
particles (Charrier and Anastasio, 2011; Vidrio et al., 2009) and Fe-organic complexes
have strong synergistic effect in ∙OH generation (Wei et al., 2018; Yu et al., 2018).
Thus, in the metal factor, the loadings of transition metals (e.g., Fe and Mn) and
organic fractions (e.g., WSOC) may explain its high intrisic ROS activities. In this
study, BB contributed to 13.4% (PM2.5_BB: 3.93 μg m-3) of the PM2.5 throughout the
year. Unlike the study in cities of Bohai Sea, which observed high intrinsic DTT
activity of BB (0.076 nmol min-1 per μg PM 2.5_BB) (Liu et al., 2018), BB in Hong
Kong exhibited quite low intrinsic DTT activity (0.009 nmol min-1 per μg PM2.5_BB)
and could not generate any ∙OH. Vehicle emissions is more likely emission sources
within the local Hong Kong region, and it contributed to 11.0% of PM 2.5
(PM 2.5_vehicle: 3.22 μg m -3) in the present study. We found vehicle emissions has
relatively high intrinsic ability for both DTT (0.022 nmol min-1 per μg PM2.5_vehicle)
and 2-OHTA (0.029 nmol min-1 per μg PM2.5_vehicle). Bates et al. demostrated that
fine particles form gosoline vehicle emissions had the highest intrinsic DTT activity
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(Bates et al., 2015). Although marine vessels only had a lower contribution
(PM2.5_marine: 3.8%, 1.127 μg m-3) to PM2.5 mass, PM2.5 form marine vessels
exhibited the highest intrinsic DTT oxidation potential (0.174 nmol min -1 per μg
PM2.5_marine). However, marine vessels does not have any intrinsic 2-OHTA
formation ability. Charrier reported marine vessels-specific markers (e.g., Ni and V)
could oxidize the DTT, and are not likely to produce ∙OH at their ambient levels
(Charrier and Anastasio, 2012, 2011). Thus, the high intrinsic DTT activity and low
2-OHTA generation potential of marine vessels is mostly due to the highly Ni and V
concetent in this factor.
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Figure 4.9 Source-specific contributions to PM2.5 mass and intrinsic abilities of DTT
and 2-OHTA. Blue bar: PM2.5 mass concentration. Green triangle: intrinsic DTT
consumption ability. Red dots: intrinsic 2-OHTA generation ability.
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4.4 Summary
A comprehensive characterization and source apportionment of oxidative
potential induced by water-soluble PM2.5 collected in Hong Kong during 2011-2012
was conducted. ROS generation potential of PM 2.5 was quantified by DTT and TPT
assay. DTTV and 2-OHTAV activities and mass-based 2-OHTA (2-OHTAm) were
showed high loading on days mainly influenced by regional pollutions, however
DTTm showed opposite meteorological trends. Six factors, i.e. SS, BB, SOA, vehicle
emissions, marine vessels and metal factors were apportioned by PMF as the major
sources of water-soluble PM 2.5 induced ROS potential. Primary sources, including
metal factor, marine vessels, vehicle emissions and BB, were found to be the major
contributor to DTTV (80%), and metal factors was considered as the significant source
to 2-OHTAV (84.5%) though out the whole year. On local days, marine vessels (48.7%
to DTT V) and metal factors (73.1% to 2-OHTA V) was the dominated contributor to
ROS activity. On regional days, high contributions of DTTV (53.9%) and 2-OHTAV
(87.7%) were only derived by metal factors. In addition, among these six sources,
marine vessels exhibited the highest intrinsic DTT ability (0.174 nmol min-1 μg-1) and
metal factors presented as the most effective source in 2-OHTA generation. (0.106
pmol min-1 μg-1).
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Chapter 5 Gene expression patterns in zebrafish model
induced by PM2.5 in Hong Kong
5.1 Introduction
Next generation sequencing based genome-wide gene transcriptional analysis is
a powerful tool that provides large scale highly quantitative gene expression data for
the identification of differential expression genes (DEGs), enriched gene pathways,
and interacted gene networks, which helps to uncover the molecular mechanisms
related to specific biological processes. Recently, zebrafish has been used as a popular
model for studying PM2.5 toxicity. Zebrafish shares a similar morphological and
molecular basis of tissue and organ development with other vertebrates, and 70% of
human homologous genes can be found in zebrafish (Howe et al., 2013). In particular,
zebrafish embryos have been proven to be a suitable model to study toxicity and
teratogenicity of chemical compounds, which are distinctively sensitive to the
chemical toxicity as the exposure could lead to behavioral abnormalities,
morphological malformations, or death of the embryos. Since toxic compounds on
PM2.5 could pass through the lung cell membrane, dissolve in blood, and cause
adverse health effects beyond human lung, it is valid to use zebrafish to investigate
health impacts from PM2.5 pollution (Duan et al., 2017a, 2017b; H. Zhang et al., 2016).
In this study, zebrafish embro (AB strain) was applied as the in-vivo model to assess
PM2.5 toxicity. A series of genome-wide transcriptional analysis was conducted,
including the differential expression of mRNA, Gene Ontology (GO) analysis,
pathway analysis.
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5.2 Experimental design
5.2.1 Exposure sample preparation
To better understand the gene expression induced by PM2.5 in Hong Kong during
2011-2012, the following experiments were conducted with the same sample in
pervious chapters.
For the water-soluble fraction of PM 2.5, 30 cm 2 of quartz filter was cut into
small strips and put into a clean centrifuge tube with 20 mL of DDI water, and
extracted on a shaker table in dark for 16 h. The extract was filtered through a
Millipore 0.22 μm PTEE hydrophobic Teflon filter, and a 1.5 cm2 mL-1 water-soluble
aerosol sample was obtained.
For the lipid-soluble fraction of PM2.5, 24 cm2 of quartz filter was cut into small
strips and extracted by Soxhlet with hexane. The extract was blown to dryness under a
gentle steam of pure nitrogen, and re-dissolved in 80 μL DMSO. A 0.3 cm 2 μL-1
lipid-soluble PM2.5 sample was obtained.
PM2.5 exposure solution (~0.75 cm2 mL-1, 2.5‰ DMSO) were prepared using 3.6
mL of 2x buffer (NaCl: 7g, KCl: 0.1g, CaCl2:0.2g, Na2CO3: 0.05g in 1L DDI water;
pH=7), 3.6 mL water-soluble sample and 18 μL lipid-soluble sample. Filter blank
solution was obtained following the same exposure sample preparation procedure.
5.2.2 Zebrafish exposure experiment
In this project, Zebrafish (AB strain) was applied as the in vivo model to
evaluate the toxicity of PM2.5. Zebrafish were raised and maintained under a
circulating aquarium system with a photoperiod cycle of 14 h in light and 10 h in dark
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at 28.5 °C.

We chose the cleavage embryos as the exposure stage since cleavage

stage is stable and healthy, which can reduce the background noise during RNA-seq
analysis. Embryos were selected by stereomicroscope (Nikon, SMZ645, Japan) (Duan
et al., 2017b). For each sample, thirty embryos were transferred in a 6 well surface
treated flat bottom (JET BIOFIL) and exposed to 3 mL PM 2.5 exposure solution at
cleavage period for 24 h in a 28.5 °C incubator. Three biological replicates were
performed for each PM2.5 sample. Two replicates at 24 hours post fertilization (hpf)
were collected and stored them at -80°C for RNA-seq analysis. The third replicate
was observed every 24 hours and lasted until 5 days post fertilization (dpf) for
phenotyping For every nine PM 2.5 samples, two filter blank samples were used to
expose embryos as control group. A total of 46 ambient samples and 6 blank samples
were exposed to zebrafish.
5.2.3 Image acquisition on fixed larvae
Selected zebrafish larvae from the third replicate were mounted in 3%
methylcellulose (Sigma-Aldrich, USA), covered with embryo medium
0.016%

Ethyl-3-aminobenzoate,methanesulfonic acid salt ,98%

containing

(Sigma-Aldrich,

USA). Images were acquired with Zeiss Discovery V20 microscope using
13x(SY·CO·P)/1.0x (PlanApo 5 FWD 60mm) objectives. ImageJ, adobe Photoshop
and illustrator were used to analyze stacks, adjust brightness/contrast and mount
images.
5.2.4 RNA-seq library preparation and sequencing
RNA-seq library preparation and sequencing were performed by the Beijing
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Genome Institute (BGI; Shenzhen, China). Briefly, total RNA was extracted
separately from 30 embryos using Trizol Reagent (Invitrogen, USA) according to the
manufacturer's instructions. Contaminated DNA in the extracted samples were
removed with DNase I (Promega, USA). The quality and purity of RNA were examined
by electrophoresis on 1.0% agarose gels and Nanodrop 2000. RNA samples with an
A260/A280 > 1.8, A260/A230 >1.8, and RNA integrity number (RIN) > 8 were
considered acceptable for library construction. mRNAs were purified from total RNA
using magnetic beads with Oligo (dT). Short mRNAs after cleavage were selected and
used as the templates for first-strand cDNA synthesis with random primers (TaKaRa,
Japan). The double-stranded cDNAs were then ligated to the adapters using T4 DNA
ligase (Invitrogen, USA). After end repair and ligation of adapters, products were
enriched by PCR to generate the cDNA library. cDNA library was examined using an
Agilent 2100 Bioanalyzer. Finally, the cDNA libraries were sequenced using Illumina
HiSeq 4000, and single-end 50bp reads were generated.
5.2.5 Mapping and Processing of RNA-seq
FastQC (from Babraham Bioinformatics, FastQC v0.11.4) was used to do quality
control checks on the raw RNA-seq data. Reference genome and annotation of
zebrafish (danRer10; Genome Reference Consortium Zebrafish Build 10 from
September 2014) were downloaded from NCBI. Reads were aligned to the zebrafish
genome annotation using Tophat (D. Kim et al., 2013) v2.1.0 with the default
parameters. The mapping status of Tophat was shown in extended figure 1B.
Transcript quantification was performed with htseq-count (version 0.6.0, parameters:
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“-s no -m intersection-strict”), part of HTSeq (Anders and Huber, 2010).
Differentially genes between treated samples and untreated samples were identified
using DESeq [PMID: 20979621] R package using cutoff as 10% FDR. Size factors
and dispersions of the classified data were estimated. Raw read counts of genes were
normalized using the function “varianceStabilizingTransformation” (VST). The
function enrichGO of clusterProfiler was used to find out GO enrichment results of
differentially genes. Finally, differential expression genes (DEGs) were chosen by 1%
FDR and |log2 fold-change| > 0.6
5.2.6 Co-expressed gene module analysis
Weighted gene co-expression analysis (WGCNA) was applied to identify
co-expressed network modules from normalized gene expression data (D. Kim et al.,
2013). The gene expression level of each gene was the mean value of two biological
replicates of each sample. According to approximate scale-free topology criterion,
parameter “pickSoftThreshold” was used and 10 was picked as the soft threshold to
construct a weighted gene network with parameter maxBlockSize = 30000. The
WGCNA function and GO enrichment analysis was used to identify GO enrichment
of genes in modules. KEGG pathway enrichment analysis was performed using
Functional Annotation Tool of DAVID bioinformatics 6.7 with default parameters.
Network of each GO/KEGG term was visualized using Cytoscape [PMID:
14597658].
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5.3 Results and discussion
5.3.1 Toxic effects of PM2.5 exposure on zebrafish embryonic development
Figure 5.1 showed the effects of PM2.5 on morphology in zebrafish.
PM2.5-induced various malformations in zebrafish, as observed by cardiac edema at,
non-inflated swim bladder, malformed mouth/jaw, craniofacial defects, pigmentation
disorder, low hatching rate, microcephalia and spine curvature.

Figure 5.1 Toxic effects of PM2.5 exposure on zebrafish embryonic developmet.

5.3.2 RNA-seq data analysis
One hundred and four RNA-seq data on 52 zebrafish embryo samples (46 PM2.5
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samples plus 6 filter blanks) were generated, where each sample had two biological
replicates. RNA-seq data leverages the “next-generation sequencing” technology to
measure the quantitative expression levels of tens of thousands of genes in the whole
genome [PMID:19015660]. In total, 179 Giga bytes of RNA-seq data were generated.
Each sample had ~10 7 sequencing reads and an average mapping rate of 93.90%,
indicating a high data quality (Figure 5.2). Approximately 17000 expressed genes
(normalized gene expression level by DESeq > 5) were detected at cleavage stage in
each sample (Figure 5.3), consisting 56% of the total number of zebrafish genes. The
numbers of expressed genes were consistent and comparable among samples.

Figure 5.2 Scaled gene expression profile of 104 RNA-seq data. Treated means
zebrafish embryos were treated with the total PM 2.5 solution, and untreated samples
were negative controls.
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Figure 5.3 Quality of RNA-seq data. A, The Pearson correlation between replicates of
each exposure sample. Samples were sorted according to the Pearson correlation R.
High Pearson correlation indicates our experiments had good replicability. B, The
total read counts and mapping rate of RNA-seq data. Red point represents mapping
rate of each sample, blue point represents total read count of each sample. The top
x-axis is for mapping rate, the bottom x-axis is for total read count. (FB: filter blank)
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5.3.2.1 Significant differential expression genes (DEGs) induced by PM2.5
Twenty-five DEGs were chosen by 1% FDR and |log2 fold-change| > 0.6, which
equal to 2-3 fold change differences for biological effect (Figure 5.4). They include
cyp1a,

cyp1b,

ahrra,

foxq1a,

sult6b1,

LOC103910359,

si:ch211-117m20.5,

LOC569505, pkhd1l1, dhrs1311, slco2a1, nfe2l2b, aifm4, il6r, ethe1, a2ml1, tnnt2a,
tnni1b, slc8a1a, nfe2l2a, sepw2b, rsrp1, htatip2, vmhc and abcb5. All the 25 DEGs are
up-regulated. Cyp1a was the most differentially expressed genes, followed by cyp1b1,
ahrra, and other genes. Many polycyclic aromatic hydrocarbons (PAHs) were known
to induce cyp1a, cyp1b1 and ahrra through the regulatory control of aryl hydrocarbon
receptor (AhR) (H. Zhang et al., 2016).

Figure 5.4 Summary of the 25 differential expression genes (DEGs) classified by log2
fold-change value.
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5.3.2.2 Effect of PM2.5 on gene function
To understand which genes or molecular pathways were significantly affected by
PM 2.5 extract treatment, enrichment of GO terms were performed for differentially
genes identified between untreated and treated zebrafish embryos samples (Figure
5.5). We found genes induced by PM 2.5 were highly enriched in various interesting
biological processes, such as “response to xenobiotic stimulus”, and this was
consistent with our experimental design. Among the significant enriched biological
process terms, those related to muscle and heart development and functions repeatedly
occurred, including “heart process”, “heart contraction”, “striated muscle cell
development”, “muscle structure development”, “heart development”, and so on.
These results suggested PM2.5 extract treatment may affect individual tissue
development and lead to an increased response to xenobiotic stimulus by altering the
expression levels of genes in zebrafish embryos.
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Figure 5.5 Enrichment of GO terms for all genes between untreated and treated
zebrafish embryos samples

5.3.2.3 Cluster analysis of DEGs induced by PM2.5
The samples were further clustered into three clusters based on the expression
levels of the 25 most significant DEGs (q-value < 0.01 and |log2 fold-change| > 0.6,
Figure 5.4). Cluster 1 was clearly an untreated sample cluster. Cluster 2 and 3 are the
two treated sample clusters, between which the proportions of samples mainly
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influenced by local emissions and samples influenced by regional and long regional
transport pollution changed significantly. This indicates that when the chemical
compositions and sources of PM2.5 samples vary under the influence of different air
mass origins, the extent to which they affect the PM2.5-induced biological endpoints
also varies. The increasing trend of expression intensities of cyp1a from cluster 1 to 3
indicated an increasing toxicity of PM2.5 extracts among these clusters (Figure 5.6).

Figure 5.6 Heat map shows the gene expression profile of 25 most significant DEGs.
Twenty-five DEGs were clustered into three clusters by hierarchial cluster, including
one untreated sample cluster (cluster 1) and two treated sample clusters (cluster 2 and
3). Pie charts stand for the proportion of filter blanks and PM2.5 samples of different
air mass origins.
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5.3.2.4 Gene expression networks associated with different sources of PM2.5
To further investigate the impact of individual PM2.5 components on the
expression of genes, gene co-expression network analysis was performed and genes
were grouped with similar expression profiles across samples into 55 co-expressed
gene modules. Genes contained in different modules were enriched in different
KEGG pathways. For example, genes in module 7 were enriched for metabolism
related pathways, such as “Metabolism of xenobiotics” and “Sulfur metabolism”;
whereas genes in module 13 were enriched in “Neuroactive ligand-receptor
interaction” pathway (Figure 5.7). We then analyzed the correlations between the
cross-sample expression profiles of the 55 co-expressed gene modules and of the
selected 27 chemical species including markers with characteristic source origins on
PM2.5 samples (Table 5.1). PAHs and their derivatives data are cited from our pervious
study (Ma et al., 2016). We identified 15 of the 55 co-expressed gene modules whose
cross-sample expression profiles highly correlated with those of one or more chemical
markers (Pearson correlation |R| ≥ 0.4, Figure 5.8). For example, the concentration
profile of secondary sulfate (SO42-) correlated with time-course expression profile of
module 37 (Figure 5.7). Intriguingly, chemical components generated from the same
sources tend to correlate with the same set of gene modules. For example, EC,
Hopanes, 1-nitropyrene (1-NPYR), and 6-nitrobenzo(a)pyrene (6-NBAP), which were
markers of vehicle emissions, correlated with module 13; Ni and V, markers of marine
vessels, correlated with module 15 and module 14; SOA markers, including
C5-alkene triols and monoterpenes tracers, correlated with module 16; Fe and As,
which were markers of metal factors, were associated with module 42 (Figure 5.8).
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Figure 5.7 Networks of enriched KEGG pathway and contributing genes in gene
module7 and gene module 13. Yellow and blue nodes in the network were KEGG
pathways, and Grey nodes were genes.
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Table 5.1 The input chemical species of PM2.5 for the correlation assessment with 55
gene modules
Instrumentation
Ion chromatography (IC)
Thermal-optical transmittance
aerosol carbon analyzer

Chemical species
Cl-, SO42-, Na+, Mg2+
EC, OC

Inductively coupled plasma-mass V, Ni, Mn, Zn, As
spectrometry (ICP-MS)
Gas chromatography-mass
spectrometry (GC-MS)

MonoT: sum of 3-hydroxyglutaric acid, 3-hydroxy-4,4dimethylgutaric acid, 3-methyl-1,2,3-butanetricarboxylic acid, 3isopropylpentanedioic acid and 3-acetyl pentanedioic acid, C5alkene triols: sum of cis-2-methyl-1,3,4-trihydroxy-1-butene, 3methyl-2,3,4-trihydorxy-1-butene, tans-2-methyl-1,3,4trihydorxy-1-butene, Hopane: sum of 17a,21b-hopane, 17a,21b22R-homhopane, 17a,21b-22S-homhopane and 17a,21b-30norhopane, OH-BP: sum of 4-hydroxybiphenyl (4-OHBP) and
3,4-dihydroxybiphenyl (3,4-DPHBP), OH-FLU: sum of 2hydroxyfluorene (2-OHFLU) and 3-hydroxyfluorene (3OHFLU), OH-PHE: sum of 1-hydroxyphenanthrene (1-OHPHE),
2-hydroxyphenanthrene (2-OHPHE), 3-hydroxyphenanthrene (3OHPHE), 4-hydroxyphenanthrene (4-OHPHE) and 9hydroxyphenanthrene (9-OHPHE), 2-hydroxydibenzofuran (2OH-DBF), benzo[a]pyrene (BaP), perylene (PER), indeno(1,2,3cd)pyrene (IPY), benzo(g,h,i)perylene (BPE), 1-nitropyrene (1NPYR), 2-nitropyrene (2-NPYR), 7-nitrobenzo(a)anthracene (7NBAA), 6-nitrobenzo(a) pyrene (6-NBAP), levoglucosan
Summary for Table 5.1: Given their similar origins, some organic markers were
lumped together and the lumped species were used as the fitting species in PMF
instead. They were (1) C 5 -alkene triol, sum of the three C 5 -alkene triols isomers
(cis-2-methyl-1,3,4-trihydroxy-1-butene,
3-methyl-2,3,4-trihydorxy-1-butene,
tans-2-methyl-1,3,4-trihydorxy-1-butene); (2) MonoT, sum of the five monoterpenes
SOA markers (3-hydroxyglutaric acid, 3-hydroxy-4,4-dimethylgutaric acid,
3-methyl-1,2,3-butanetricarboxylic acid, 3-isopropylpentanedioic acid and 3-acetyl
pentanedioic acid); (3) Hopane, sum of the four hopanes (17a,21b-hopane,
17a,21b-22R-homhopane, 17a,21b-22S-homhopane and 17a,21b-30-norhopane); (4)
OH-BP, sum of the two hydroxybiphenyl (4-hydroxybiphenyl (4-OHBP) and
3,4-dihydroxybiphenyl (3,4-DPHBP)); (5) OH-FLU, sum of the two hydroxyfluorene
(2-hydroxyfluorene (2-OHFLU) and 3-hydroxyfluorene (3-OHFLU)); (6) OH-PHE,
sum of the five
hydroxyphenanthrene (1-hydroxyphenanthrene (1-OHPHE),
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2-hydroxyphenanthrene
(2-OHPHE),
3-hydroxyphenanthrene
(3-OHPHE),
4-hydroxyphenanthrene (4-OHPHE) and 9-hydroxyphenanthrene (9-OHPHE)).
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Figure 5.8 Correlation between gene modules and 27 chemical species. With all genes
clustered into modules using WGCNA, correlation between gene modules and
chemical species was visualized on the heatmap.

5.4 Summary
In this chapter, zebrafish embro (AB strain) was applied as the in-vivo model to
assess PM 2.5 toxicity. The results showed that embryonic exposure to PM 2.5 could
induce marked changes in gene expression patterns in zebrafish. Approximately
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17000 expressed genes were found at cleavage stage of zebrafish in each sample.
The most impact gene functional categories induced by PM2.5 was xenobiotic stimulus.
Gene functions related to muscle and heart development and functions repeatedly
occurred. In addition, twenty-five DEGs were found and cluster analysis with these
DEGs indicated when the different chemical compositions and sources of PM2.5
samples have significant influences on the PM2.5-induced biological endpoints.
Moreover, the correlation analysis between gene modules and 27 chemical species
implied PM2.5 from various sources may impact biological systems through different
molecular pathways. Obviously, a further investigation is needed on the quantitative
estimation of the level of DEGs induced by source-specific PM2.5.
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Chapter 6 Integration analysis of high throughput biological
and chemical data reveals the toxicity capacity of fine
particulate matter (PM2.5) from various sources
6.1 Introduction
Long-term exposure to ambient fine particulate matter (PM 2.5) increases both
mortality and morbidity, and it is responsible for 4.2 million premature deaths
globally in 2015 (Cohen et al., 2017). PM2.5 consists of myriad of organic and
inorganic species, and its toxicity varies by chemical composition, sources, and other
physical/chemical properties. Increasing number of studies have been carried out to
investigate the adverse health effects induced by PM2.5 from specific sources. Model
studies showed that residential and commercial energy use, especially for heating and
cooking, contributes nearly one-third of global premature mortality attributable to
PM2.5 pollution (Lelieveld et al., 2015). Moreover, coal combustion was estimated to
account for 40% of PM2.5-caused mortality in China in 2013, the highest among all
PM2.5 sources (GBD MAPS Working Group, 2016). Recent studies showed that
particles from motor vehicular exhaust induced stronger cardiovascular effects and
greater oxidative potential in mice than secondary inorganic aerosols and dust
particles (Vedal et al., 2013). Association between individual exposure to
traffic-generated PM2.5 and systemic immunity response in human was also reported
(Vattanasit et al., 2014). However, most of the available studies on health impacts
from source-specific PM2.5 are based on epidemiological analysis (Gass et al., 2015;
Group, 2016; Hennig et al., 2014; Krall et al., 2017; Ostro et al., 2016; Sarnat et al.,
2008; Vedal et al., 2013). Given the complexity of PM2.5 composition and the
synergetic and antagonistic effects of toxic compounds, information on the causal
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relationship between PM2.5 sources and the affected molecular pathways is still
limited.
From Chapter 5, twenty-five differential expression genes (DEGs) data were
obtained from PM 2.5-exposed zebrafish embryos. The objective of this chapter is to
build a connection between PM2.5 sources and the expression of PM2.5-induced DEGs
and identify gene functions in PM2.5 extract treated zebrafish embryo, and develop a
comprehensive method to assess the toxicity capacity of PM2.5 from various sources
using large scale biological and chemical data. To achieve this objective, an integrated
multivariate method has been developed, i.e. L2-normalization integrated positive
matrix factorization (PMF), to analyze the high throughput biological and chemical
data simultaneously, and quantitatively assessed the ability of PM2.5 to induce DEGs
in relation to sources and meteorological conditions. Although only PM 2.5 samples
collected in Hong Kong were analyzed in this study, the analytical techniques and
L2-normalizaiton integrated PMF developed herein could be applied to other regions
in the world and aid the formulation of more targeted and optimized control measures
to reduce PM2.5 pollution and its impact on environment and health.

6.2 Experiment section
6.2.1 Development of L2-normalization integrated PMF
PMF developed by Paatero and Tapper is a variant of factor analysis, which
resolves the identities and contributions of various components in an unknown
mixture (Paatero and Tapper, 1994). Currently, PMF has been successfully applied for
the source apportionment of PM 2.5 (Hu et al., 2010; Ma et al., 2016). However, no
study has tried to use PMF to capture the critical associations or potential causal

106

relationships between PM2.5 sources and DEGs in animals induced upon PM2.5
exposure. Since the chemical composition in PM 2.5 and PM 2.5 induced biological
responses were measured on the same batch of ambient PM2.5 samples, the emission
sources that contribute to each sample are stable. This means, when we use PMF to
identify the emission sources of PM 2.5 mass (Eq. (1)) and PM 2.5 extracts-induced
DEGs (Eq. (2)), the relative contributions of each source made to each individual
PM2.5 sample, i.e. gik and g’ik in Eq. (1) and Eq.(2), are the same.

p

(1)

E ij = ∑ k=1 g ik f kj + e ij
p

′

′

′

(2)

R ij ′ = ∑ k=1 g ik f kj ′ + e ij ′
′

(3)

g ik = g ik

where Eij is the concentration of chemical species j measured in sample i; Rij’ is the
filter blank corrected expression value of DEGs j’ measured in sample i; p is the
number of factors contributing to the samples, fkj is the concentration of species j in
factor k, f’kj’ is the expression level of DEGs j in factor k, eij and e’ij’ are the residuals
of the mathematical model for species j and genes j’ on sample i.
The entries of gik, fik and f’ik are calculated by minimizing the objective function
Q in Eq.(4):
Q=∑

=1

∑ m [e

=1 u

2

n

m′

′

e ij′

] + ∑ i=1 ∑j′=1 [ ′ ]

2

(4)

u ij′

where uij and u’ij’ are the uncertainties of chemical species and DEGs levels,
respectively. Uncertainty values of chemical species were calculated using the method
described in our previous studies (Hu et al., 2010; Ma et al., 2016), which were set to
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be 20% of the mean L 2 _norm intensities for OC and EC, 40% of mean L2 _norm
values ofr cations, heavy metals and organic species, and 40% of minimum L2_norm
values of anions.
In this study, twenty-five DEGs induced by PM2.5 and 27 chemical species were
input into PMF, including EC, OC, ions, metals, and various primary and secondary
organic markers (see Table 5.1). However, it was worth noting that the chemical data
(Figure 6.1 (a), [E], range: 0 to 3000) and filter blank corrected DEGs data (Figure 6.1
(b), [R], range: 0 to 8) are two distinct types of datasets with their own unique
information, and they have different sizes, scales, and dimensions. Directly binding
them together as the input matrix of PMF may not be robust to outliers and tends to
cause overfitting, which may fail to capture the associations between biological and
chemical data. Therefore, d Frobenius norm (also called L2 normalization, L2_norm)
was applied to scale both chemical and DEGs data sets by their total variations.
Mathematically, the L2-normalized value of each chemical species j and DEGs j’ can
be obtained by the following equations.
‖E‖ = √∑ ij E ij2 , E ijL 2_norm =
‖R‖ = √∑ij′ Rij′ , RLij2′ _norm
2

E ij

(6)

‖E‖

R ij′

= ‖R‖

(7)

For all chemical species (j = 1, 2, …, m) and DEGs (j’ = 1, 2, …, m’), the sample
vectors

of

normalized

chemical

and

[Ei1L2_norm Ei2L2_norm … EimL2_norm] and Ri
respectively. Then E iL2_norm and Ri

DEGs

data

are

E iL 2_norm =

= [RLi12_norm RLi22_norm … RLim2_′norm] ,
were combined together into an L2_norm
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concatenated matrix (XL2_norm = [EiL2_norm RLi 2_norm]) as the input matrix of PMF for
the source apportionment of DEGs. Since ||EijL2_norm||=||RLij2′ _norm||=1, this means
both E iL2_norm and R i

had equal contributions to the input concatenated

matrix, indicating an improved input data quality for PMF. L2_norm was performed
using Matlab and the structures of E iL2_norm and R i

were showed in Figure

6.1 (c) and Figure 6.1 (d). After L2 _norm normalization, the data set retained its
specific information with unchanged internal relative signal strengths.

Figure 6.1 Original data matrix and L2-normalized data matrix. a, b: The original
chemical ([E]) and DEGs ([R]) data matrix. The intensities of [E] ranged from 0 to
3000 and the intensities of [R] ranged from 0 to 8. c, d: he L2-normalized chemical
([EL2_norm]) and DEGs ([RL2_norm]) data matrix. After L2_normalization (I), the
intensities of [E L2_norm ] and [R L2_norm] were in comparable range with unchanged
internal relative signal strengths.
Uncertainty values of DEGs were calculated using a standard deviation-based
calculation method (Eq.(5)).
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STD blankj′
Meanrj′
× R̅ L2norm
=∑
j′
m′
m′

Uncertainty R j′

(5)

j ′=1

where STD_blankj’ is the standard deviation of DEG j’ induced by filter blank
exposure solution, Mean_rj’ is the average expression levels of the DEGs j’ induced by
PM2.5extracts. R̅ Lj′2_norm is the mean L2_norm values of DEG j’.
EPA PMF version 5.0 was applied to the L2_norm concatenated matrix
[EiL2_norm RLi 2_norm] to apportion the major sources and their relative contributions to
PM2.5-induced DEGs. The same 27 chemical species (without L2_norm) together with
PM2.5 mass were analyzed by PMF separately to apportion the source contributions to
PM 2.5 mass. EPA PMF5.0 was used given that it uses the most updated version of
ME-2 and PMF script files. ME-2 can solve the PMF equation and minimize the
object function (Q) in the full rotational space, and reach a stable, unique and physical
meaningful solution.
PMF solutions were tested with 6-10 factors. Both mathematical PMF
diagnostics and interpretability of the identified factors were used as the criteria
selection of optimized factor numbers, and the nine-factor solution was considered as
the most reasonable one for the source apportionments of both PM2.5 mass and DEGs.
The Q Robust/QTrue ratio was 1.00, indicating that the solution was not influenced by
outliers, and scaled residuals normally distributed between -3 and 3. A hundred
bootstrap (BS) runs were performed with a minimum correlation R-value to examine
the stability and the uncertainty of the solution. All BS factors were specific mapped
over 80% of base factors indicates the BS uncertainties can be interpreted and the
number of factors is appropriate. In displacement (DISP) assessment, no error has
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found and the largest observed drop of Q is lower than 1%, suggesting the solution is
stable. No swap factor was appeared at dQ max=4, indicating there is no significant
rotational ambiguity in the solution. Rotations were introduced to the solutions by
adjusting the FPEAK value from -1 to +1 and non-rotated solutions with the FPEAK
of 0 was considered to the most interpretable ones. Constraints were set for the
following factors using information about markers and their known related sources: (1)
pull up Mn and Zn in metal factor; and (2) pull up Hopane in vehicle factor. The
increased Q caused by constraints was 0.8%for all of the constrained parameter ,
suggesting the constraints program is acceptable (Norris et al., 2014). Moreover, a
good correlation (R2=0.78) between the total L2-norm DEGs values and
PMF-predicted total L2-norm DEGs values suggested a reliable prediction of PM2.5
extracts-induced DEGs.

6.3 Results and discussion
6.3.1 Source apportionment of DEGs induced by PM2.5
Since the emission sources contributing to both PM2.5 mass and the expression of
PM2.5-induced DEGs were the same, the relative source contributions to PM2.5 mass
(gik) and DEGs levels (g’ik) of each sample were also the same (gik = g’ik, Figure 6.2).
The

source

profiles

in

terms

of

chemical

species

(fkj)

resolved

from

[EiL2_norm RLi 2_norm] in PMF are shown in Figure 6.3, and chemical marks for PM 2.5
source apporitionment were exhibited in Table 5.1 (Chapter 5). The first factor was
dominated by Cl-, suggesting it was associated with fresh sea salt. The second factor
had a high loading of Na+ and Mg2+, indicating it was the sea salt source. Unlike the
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first factor, this factor lies in the abundance of Cl-, chloride depletion occurred during
the aging process of sea salt. Therefore, the second factor was defined as aging sea
salt. The third factor was only characterized by higher loading of SO 42- and low
abundance of OC, suggesting the secondary formation of inorganic sulfate (SS). The
fourth factor was distinguished by high loadings of biogenic SOA markers, suggesting
the secondary origin of this source. The high loading of sulfate in this factor was
defined as secondary organic sulfate. In the fifth factor, high amount of levoglucosan
was resolved into this factor, accompanied with hydroxylated-polycyclic aromatic
hydrocarbons (OH-PAHs). Therefore, this factor was defined as BB. Although no
specific markers found in factor sixth, the high loading with five or more rings PAHs,
and 2-nitropyrene (2-NPYR), (7-nitrobenzo(a)anthracene) 7-NBAA, indicated the
feature of coal combustion. The seventh factor was identified as vehicular emissions
due to the large amount of EC and Hopane. The eighth factor have large amount of Ni
and V, which are signature of residual oil combustion from marine vessel. The ninth
factor is distinguished by high concentration of Mn, Zn and As is suggested to be the
metal factors.
Figure 6.4 showed the source profile of DEGs (f’kj’) resolved from
[EiL2_norm RLi 2_norm] in PMF. Metal factor (annual mean: 26.5%, range: 17.6-39.3%)
and vehicle emissions (16.3%, 0.0-25.3%) were the two leading contributors to
PM2.5-induced DEGs levels, followed by secondary sulfate (9.8%, 1.0-29.5%),
biomass burning (9.7%, 0.0-20.1%), aged sea salt (9.5%, 0.6-19.9%), secondary
organic aerosol (8.4%, 0.0-14.1%), fresh sea salt (8.3%, 0.0-25.3%), marine vessels
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(6.8%, 0.0-20.5%), and coal combustion (4.6%, 0.0-10.1%).

Figure 6.2 L2-normalizaiton integrated PMF-resolved g matrix. a: Factor contribution
(gik (g’ik)) to each PM2.5 sample. b: The physical meaning of g matrix (gik and g’ik), i.e.
the temporal variation of individual sources.
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Figure 6.3 L2-normalizaiton integrated PMF-resolved f matrix (part 1). a: Factor profiles of both chemical species (fkj) and DEGs (f’kj’) resolved
by PMF, green frame: fkj. A nine-factor (p=9) solution was obtained as the most reasonable solution. b: Source contributions (% of total species)
resolved by PMF in Hong Kong.
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Figure 6.4 L2-normalizaiton integrated PMF-resolved f matrix (part 2). a: Factor profiles of both chemical species (fkj) and DEGs (f’kj’) resolved
by PMF. red frame: f’kj’. A nine-factor (p=9) solution was obtained as the most reasonable solution. b: The physical meaning of f’kj’ matrix, i.e.
distribution (%) of DEGs in nine PM2.5 source.
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6.3.2 A quantitative assessment of toxicity capacity of PM2.5 from various sources
To further assess the intrinsic DEGs inducing ability of PM 2.5 from different
sources, the total DEGs levels resolved in each source factor were normalized by the
amount of PM 2.5 mass apportioned to that source (Figure 6.5). Despite of its trivial
contribution to ambient PM2.5 mass (3.0%), PM2.5 from vehicle emissions showed by
far the highest intrinsic DEGs inducing potential (0.105 L2-intensity per μg m-3 PM2.5),
which is 3.5-4 times higher than those from coal combustion, aged sea salt and metal
factor, and about 13 times higher than those from the least toxic SOA and secondary
sulfate sources. Previous toxicological studies observed various adverse health
impacts from vehicle-related PM 2.5, such as oxidative stress, immunity responses,
neurite growth and cardiopulmonary impacts (Cheng et al., 2016; Fan et al., 2009;
Vattanasit et al., 2014; X. Zhang et al., 2016). Epidemiological studies also revealed
the association between vehicle-emitted PM 2.5 and emergency department visit for
respiratory and cardiovascular diseases around the world (Gass et al., 2015; Hennig et
al., 2014; Krall et al., 2017; Pun et al., 2014; Sarnat et al., 2008). Previous results
clearly demonstrated that chemical composition was the major factor influencing the
toxicity of PM2.5 from different sources (Figure 5.7, Chapter 5). Internal engine
combustion of gasoline and diesel fuel emits various toxic substances, including EC,
aldehydes, aromatic hydrocarbons, PAHs and their derivatives (Lin and Yu, 2011).
Some of these compounds further oxidize in the atmosphere to form more oxygenated
products, such as nitrated-polycyclic aromatic hydrocarbons (NPAHs) with higher
mutagenicity than their PAHs precursors(Lin and Yu, 2011; Yang et al., 2010).
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Although coal combustion was the minor contributor to PM 2.5-induced DEGs
(4.6%, 0.025 L 2-intensity, Figure 3F) and PM 2.5 mass (2.6%, 0.84 μg m -3) in Hong
Kong, its intrinsic DEGs inducing ability (0.030 L2-intensity per μg m -3 PM 2.5) was
about 2 times higher than that of total PM 2.5 (0.017 L2-intensity per μg m -3 PM 2.5).
Various studies have demonstrated the association between coal combustion and
increased pulmonary inflammation or lung cancer (Liberda and Chen, 2013; L. Zhang
et al., 2014), which is suggested as a result of high loadings of particle-bound PAHs
and their derivatives from coal combustion (K.-H. Kim et al., 2013; Lin et al., 2015;
Ma et al., 2016). The high expression levels of cyp1a and cyp1b1 also indicates the
important role of PAHs in the DEGs inducing ability of PM2.514. In regions where coal
combustion is the major source of power generation and domestic heating, e.g.
northern China, its contribution to PM2.5-induced DEGs would be much more
dramatic than that in Hong Kong.
Interestingly, aged sea salt-related PM2.5 showed a comparable intrinsic DEGs
inducing ability as that from coal combustion. Of the few available studies on the
health effects of sea salt-related PM (Ito et al., 2006; Pun et al., 2015, 2014;
Steerenberg et al., 2006), PM from aged sea salt were found to be significantly linked
with respiratory and ischemic heart disease (IHD) emergency hospitalizations in Hong
Kong (Pun et al., 2015, 2014). The observed toxicity of aged sea salt could due to the
partition of gas phase toxic pollutants onto sea salt aerosols during long regional
transport (Laskin et al., 2012). Although the intrinsic DEGs inducing ability of metal
factor is just one fourth of that from vehicle emissions, it had the largest contribution
to PM2.5-induced DEGs given its high mass contribution to PM2.5 (Figure 6.5). Both
local fly ash emissions from coal-fired power stations (Duan and Tan, 2013) and
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crustal and fugitive dusts from iron and steel industries in Pearl River Delta region
may contribute to metal related-PM in Hong Kong(Huang et al., 2014). High amount
of OC (~20%) was resolved in this factor, indicating part of metals on ambient PM2.5
may exist in the form of organometallics. PM2.5 from secondary formation (both SOA
and SS) showed the lowest DEG-inducing ability. However, they made the second
largest contribution to PM2.5-induced DEGs in Hong Kong given the fact that around
40% of PM2.5 were secondarily formed (Figure 6.5).

Figure 6.5 Source-specific contributions to both PM2.5 mass and PM2.5-induced DEGs
levels. (blue bar: PM2.5 mass concentration (μg m-3); red bar: L2_norm DEGs
intensity; white dots: the intrinsic DEGs expression intensity of PM2.5 from specific
source (L2 intensity per μg m-3 PM2.5))
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6.3.3 Cluster analysis of DEGs induced by PM2.5 from various sources
As mentioned earlier, the DEGs data was clustered into three clusters based on
the expression levels of the 25 most significant expressed DEGs. To further
investigate the impact of emission sources on the expression of DEGs upon PM 2.5
exposure, the total expression levels of DEGs and the contributions from individual
sources to DEGs in samples grouped in the treated sample clusters were calculated, i.e.
cluster 2 and 3, respectively. The total expression level of 25 genes per sample in
cluster 3 was about 50% higher than that in cluster 2. Metal factor was the leading
contributor to DEGs, and its associated DEGs intensities are about the same in both
clusters. Similar trend was found for aged sea salt. As for secondary sulfate and
marine vessels, their DEGs intensities were even lower in cluster 3 than cluster 2.
Clearly, vehicle emissions, coal combustion, biomass burning, fresh sea salt, and SOA
are the sources that are mainly responsible for the higher DEGs levels observed in
cluster 3 samples; their contributions to DEGs levels in cluster 3 were 2-22 times
higher than those in cluster 2 (Figure 6.6). This further proved that PM 2.5 sources
played a key role in the types of biological functions and the extent to which they
could be induced in zebra embryo upon PM2.5 exposure.
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Figure 6.6 The expression intensities of DEGs in two clusters calculated in Chapter 5.
Each column represents the sum of average values of DEGs expression intensities. All
these data was calculated with PMF results. C2: cluster-2; C3: cluster-3; Total: the
total DEGs expression intensities.

6.3.4 Understanding of the biological functions and pathways influenced by
PM2.5 from different source origins
To achieve a more in-depth understanding of the biological functions and
pathways influenced by PM2.5 from different source origins, the correlations between
the 55 co-expressed gene modules and source contribution matrix (gik) resolved by
PMF were evaluated (Figure 6.7). Thirteen co-expressed gene modules that were most
significantly correlated with PM2.5 from different sources were selected (Person
correlation |R| ≥ 0.4), and further investigated the enriched GO terms in them. Figure
6.8 showed that PM2.5 from vehicle emission and aged sea salt are mainly associated
with genes enriched in hormone related terms, such as “hormone-mediated signaling
pathway”, “response to steroid hormone”, and various activities of hormone receptors
with important functions, such as thyroid-stimulating hormone receptor that is well
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known as the major controller of thyroid and involved in many kind of diseases and
cancers [PMID: 28117293], and melanin-concentrating hormone receptor which plays
an important role in energy homeostasis and mood disorders [PMID: 19418262].
Moreover, PM 2.5 from fresh sea salt are associated with genes enriched in neuron
differential and development related terms, such as “positive regulation of
neurogenesis”; PM2.5 from marine vessels emission and secondary sulfate are
associated with genes enriched in sensory perception related terms, including
“sensory perception of smell” and “detection of chemical stimulus”, and reproductive
terms, such as “reproductive structure development”, “sex determination”, and
“ovarian follicle development”; PM 2.5 from secondary sulfate and metal factor are
associated with immune related terms, such as “cytotoxic T cell differentiation” and
“T cell activation”; PM2.5 from biomass burning and coal combustion are associated
with embryo and tissue developmental terms, including “somite development”,
“pattern specification process” “nervous system development”, “limb development”,
and detoxification terms, such as “cellular response to xenobiotic stimulus” and
“response to xenobiotic stimulus”; and PM2.5 from coal combustion is also associated
with gastro-intestinal and prostate related terms (Figure 6.8). These findings expanded
our knowledge in PM toxicity and provided us a much more detailed understanding
on the types of biological functions that could be induced upon exposure to PM 2.5
from different sources.
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Figure 6.7 Correlation between time-course profiles of 55 gene modules (measured in
Chapter 5) and nine sources loadings in different PM 2.5 samples resolved by PMF.
With all genes clustered into modules using WGCNA, correlation between gene
modules and temporal trends of nine sources was visualized as a heatmap

122

123

Figure 6.8 Top 10 enriched GO terms in individual gene modules significantly correlated with source-specific PM2.5. In each gene module, the
top 10 enriched GO terms (GO terms were sorted by log10(p-value)) were presented. Interesting terms were marked in red
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6.4 Summary
In summary, an L2-normalization incorporated PMF was developed and
performed an integrated analysis of the high throughput biological and chemical data.
With the incorporation of source apportionment and bioinformatics analysis, we can
not only quantitatively assess the intrinsic toxicity capacities of source-specific PM2.5,
but also evaluate the impact of different PM 2.5 sources on PM 2.5-induced biological
functions in a much more detailed manner. This study provided a powerful tool to
evaluate the toxicity of PM 2.5 from various sources at gene level, and invaluable
information for the future studies on the adverse health impacts of PM2.5. Our results
suggest that more stringent controls on PM2.5 emissions from combustion activities,
such as vehicle and coal combustion, could effectively reduce the health impacts from
PM2.5 pollution. Although the toxicity capacity of secondary aerosols is much lower
than those of PM2.5 from the combustion-related sources, given its significant
contribution to ambient PM 2.5 loading, further reduction on the emissions of their
gaseous precursors, such as volatile organic hydrocarbons, SO2, and NOx will also
mitigate the PM2.5-induced adverse health outcomes. Thus, a source-based air quality
control measures will be needed, not only for a better regulation of air quality, but
also for the adverse health impacts induced by fine particles.
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Chapter 7 Conclusions and future work
7.1 Conclusions
In this thesis work, multiple approaches were employed to measure the
characterization of OA species in PM2.5 and PM2.5-induced toxicity. Through PMF
analysis, sources information of OA and PM 2.5 toxicity were obtained. This thesis
work is the first study on source apportionment of PM 2.5-induced DEGs. The main
contributions of this thesis work are summarized herein:
(1) Chemical compositions of SOA and other polar oxygenated organic
compounds in ambient aerosols at an urban site in Hong Kong. Higher levels
of organic compounds in the aerosol were observed on the days mainly
influenced by regional emissions owing to elevated oxidant levels than days
mainly affected by LRT and local emissions. The major formation way of
isoprene SOA in Hong Kong atmosphere was found to be through the particle
phase ring-opening reaction of IEPOX due to the high liquid water content
and particle acidity of PM2.5 samples in Hong Kong.
(2) PMF analysis showed sea salt, marine vessel, vehicle, BB/SOA, SOA, and
SS were the major sources of ambient OC in Hong Kong. Secondary
formation was found to be the major contributor to OC though out the whole
year. BB was the major anthropogenic contributor to OC on regional days;
while marine vessel was the dominated contributor to OC on local days. SOC
were showed higher concentration on regional days. Among all the individual
SOA precursors, monoterpenes was considered as the most abundant
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contributor SOC during the whole year. In addition, anthropogenic activities
played a significant role on the formation of SOA at this urban site in Hong
Kong.
(3) Cell-free assay was used to measured water-soluble PM2.5-induced ROS
activity. It is hypothesized that DTT consumption and ∙OH generation are
induced by different components of water-soluble PM2.5 in Hong Kong. Six
factors, i.e. SS, BB, SOA, vehicle emissions, marine vessels and metal
factors were apportioned by PMF as the major sources of water-soluble
PM2.5 induced ROS potential. Primary sources, especially metal factors, were
found to be the major contributor to PM 2.5-induced ROS in Hong Kong. In
addition, among these six sources, marine vessels exhibited the highest
intrinsic DTT ability and metal factors presented as the most effective source
for ∙OH generation.
(4) Zebrafish embro (AB strain) was applied as the in-vivo model to assess PM2.5
toxicity in Hong Kong through genome-wide gene transcriptional analysis.
The results showed that zebrafish embro exposure to PM 2.5 could induce
significant changes in gene expression. PM 2.5 has significant influences on
xenobiotic stimulus, muscle and heart development. Both the DEGs and
co-expressed gene module analysis showed

the various

chemical

compositions and sources of PM2.5 samples could induce different biological
responses.
(5) An integrated multivariate method, i.e. L2-normalization integrated PMF was
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developed to analyze the high throughput biological and chemical data
simultaneously and quantitatively evaluated the ability of PM 2.5 to induce
DEGs in relation to sources. PM 2.5 from combustion related sources (e.g.
traffic, power generation, industry, and BB) and sea salt showed a stronger
ability to induce DEGs than those from secondary aerosol source, and they
are mainly associated with reproductive, developmental, and hormone related
biological pathways. This suggests that more stringent controls on particulate
emissions from combustion activities could effectively reduce the health
impacts from PM2.5 pollution. The L2-normalizaiton integrated PMF analysis
of high throughput biological and chemical data could provide us a much
more comprehensive understanding on the intrinsic toxicity of PM 2.5 from
various sources and aid the formulation of more targeted and optimized
control measures to reduce PM 2.5 pollution and its impact on environment
and health.

7.2 Future work
From this thesis, we could found PM2.5-induced toxicity depends not only on the
PM2.5 mass, but also on the chemical compositions and sources of PM2.5. However,
the knowledge of sources impacts on PM2.5-induced health effects is still limited. This
is mainly due to the lacking of appropriate method to analyze the chemical and
biological data simultaneously and quantitatively evaluated the association between
PM2.5 sources and PM2.5-induced toxicity. The future works are listed below:
(1) In this thesis, many specific source-related biological functions were found
(Figure 6.8). For example, PM2.5 generated from vehicle emissions was found to
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correlate strongly with hormone term. Specific PM2.5 of various emission
sources (e.g., metal factors, SOA, marine vessel, BB) should be collected, and
in-vitro and in-vivo experiment exposed to these samples need to be conducted
to check the biological responses induced by source-specific PM2.5.
(2) The apportionment system of L2-normalization integrated PMF is designed not
only for DEGs data, but also for other biological endpoints (e.g., protein
expression, metabolomics data, proteomics data). Therefore, in order to obtain a
fully understanding on the relationship between PM2.5 sources and adverse
health impacts, various biological endpoints induced by ambient PM 2.5 should
be input into the L2-normalization integrated PMF.
(3) The L2-normalization integrated PMF can be used in other regions around the
world and aid the formulation of more targeted and optimized control measures
to reduce PM2.5 pollution and its impact on environment and health.
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