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Abstract 
 
 

A number of population based epidemiological studies as well as recent toxicological and 

clinical studies indicate a strong association between particulate matter (PM) exposure 

and adverse health outcomes. Despite commendable progress in particle-related 

toxicological research for the last few decades, the exact mechanisms by which PM 

inflicts health injuries are still largely unknown and constitute a subject of great interest 

for the scientific community. An increase in the abundance of reactive oxygen species 

(ROS) in biological systems after PM exposure and the resulting oxidative stress has 

been hypothesized to be mostly responsible for the initiation of inflammatory cascades.  

 

The core objective of this work is to determine the toxicological characteristics of 

particulate matter in an urban environment and to investigate their associations with the 

source-specific particle constituents. This objective has been accomplished by evaluating 

the oxidative potential of particles collected from various sources such as exhaust tail 

pipe of the heavy-duty diesel vehicles, wood-smoke and ambient particles in segregation 

to their primary and secondary sources. The role of semi-volatile organic compounds in 

the oxidative activity of PM was assessed by their removal using thermodenuder and 

measuring the resultant oxidative potential by DTT assay. Similarly, the contribution of 

transition metals was quantified by their chelation using Chelex® chromatography. The 

use of statistical tools (bivariate and multivariate regression techniques) further supported 

in identification of the specific PM constituents responsible for major variability in the 
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responses of toxicological assays. The results demonstrate the importance of both semi-

volatile (organic compounds) and non-volatile (transition metals) species of particulate 

matter in stimulating the generation of different oxidizing species in biological systems, 

measured by DTT and ROS assay. These findings are useful in elucidating the health 

risks related to the PM exposure from different sources and ultimately in promulgating 

the effective control strategies to protect public health. 
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Chapter 1: Introduction 
 
 

1.1 Background 

1.1.1 Characteristics and Sources of Particulate Matter (PM) 

Particulate matter is a general name given to the solid particles and/or liquid droplets, and 

when suspended in air, is also known as aerosol. Particulate matter is a mixture of many 

subclasses of chemical species - both organic and inorganic, most of which are 

potentially hazardous to human health.  Particulate matter can be divided into three broad 

categories based on their aerodynamic diameters. These modes are: coarse mode (2.5-10 

µm), accumulation mode (0.1-2.5µm) and the ultrafine mode (0.01-0.1 µm). Particles 

with aerodynamic diameter larger than 10 µm are usually not the point of interest in 

environmental and health studies because of their short life time in the atmosphere. The 

aerodynamic diameter of particles is an important property because it determines 

majority of its behavior in the atmosphere such as residence time and deposition 

characteristics in the human respiratory system.  

 

The sources of airborne particulate matter can be divided into two broad categories: 

primary and secondary. Primary sources include combustion sources (heavy and light 

duty vehicles, woodsmoke, industries), and construction activities. The particles emitted 

from these primary sources may undergo photochemical processing in the presence of 

various atmospheric oxidants to yield secondary particles. The physical and chemical 

characteristics of these secondarily formed particles are distinctly different compared to 
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their primary precursors. The secondary photochemical reactions in addition to the 

vehicular emissions constitute the most prominent sources of ultrafine particles in an 

urban metropolis like Los Angeles (Fine et al., 2004). 

 

Another important property of the particulate matter which governs its existence either in 

particle or gas phase is the volatility. Thus, particulate matter can be considered as a 

complex mixture of semi-volatile (most organic compounds and the major inorganic ions 

– ammonium, sulfate and nitrate) and non-volatile (metals, elemental carbon and few 

organic compounds) species (Seinfeld and Pandis, 2006). The semi-volatile compounds 

exist simultaneously in the gas and particle phases at equilibrium. The vapor pressure of 

these compounds is a strong function of temperature, which determines the extent of their 

partitioning into particulate and gaseous phase at a given concentration. Recent studies 

have indicated that the organic compounds volatilized and subsequently photo-oxidized 

from the semi-volatile fraction of the particles substantially contribute to the formation of 

secondary organic aerosol (SOA) (Robinson et al., 2007). This contribution far exceeds 

that from the photo-oxidation of primary volatile organic compounds (VOCs). 

 

Heavy-duty diesel trucks constitute only a small fraction of the total fleet in California 

but have an important contribution to the emissions of fine and ultrafine particles. Efforts 

from both the regulatory and the manufacturing communities have been devoted to the 

reduction of emissions from diesel-powered engines. US EPA 2007 emissions standards 

enforce to reduce the diesel PM mass emissions from heavy-duty engines ten fold from 
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the old 0.1  g bhp-1 h-1  PM limit to 0.01 g bhp-1 h-1 (Merrion, 2003). These new emission 

standards motivated the development of several after-treatment devices for in-use heavy-

duty diesel vehicles (HDDVs), e.g. diesel particulate filter (DPF) and selective catalytic 

reduction (SCR) retrofits to reduce the PM and NOx emissions, respectively. Although, 

these after-treatment devices significantly reduce the mass emission rates (McGeehan et 

al., 2005) of DEPs, but not necessarily the number-based particle emissions. Several 

studies have shown that under certain conditions, enhanced formation of ultrafine 

particles occurs by heterogeneous nucleation for the vehicles equipped with after-

treatment devices (Kittelson et al., 2006; Vaaraslahti et al., 2004). 

 

1.1.2 Health Effects of Particulate Matter 

Both epidemiological and clinical research have demonstrated strong links between 

atmospheric aerosols and adverse health effects, including premature deaths (Hoek et al., 

2002; Samet et al., 2000), respiratory and cardiovascular diseases (Gauderman et al., 

2007; Riediker et al., 2004; Stayner et al., 1998), and neurodegenerative disorders (Peters 

et al., 2006). Particles deposit in different parts of the lung according to their 

aerodynamic diameter, resulting in varying degree of toxic potency.  In-vitro and in-vivo 

experiments have linked particle exposure to airway inflammation, mitochondrial damage 

and lung cancer (Castranova et al., 2001; Garshick et al., 2004; Kumagai et al., 1997; Li 

et al., 2003; Saldiva et al., 2002; Yin et al., 2007). Chronic exposure of DEPs may lead to 

exacerbation of pulmonary diseases such as asthma and bronchitis as well as lung cancer 

(Garshick et al., 2004; Rusznak et al., 1994). Alveolar macrophages (AM), which are 
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responsible for the defense of susceptible cells, release pro-inflammatory cytokines in the 

presence of PM constituents, such as polycyclic aromatic hydrocarbons (PAHs), and may 

experience alteration in their gene expressions (Koike et al., 2002). A few studies have 

also described negative impacts of PM on reproductive systems (Watanabe and Oonuki, 

1999), liver functions (Folkmann et al., 2007) and brain activity (Cruts et al., 2008). 

 

1.2 Rationale for the Present Study  

The exact mechanisms by which particulate matter inflicts health injuries remain largely 

unknown; however, PM-associated reactive oxygen species (ROS), and the resulting 

oxidative stress induced in human tissues is believed to be implicated in inflammatory 

effects. In healthy biological systems, natural generation of ROS as a result of aerobic 

metabolism is balanced through scavenging by endogenous antioxidants (Halliwell and 

Cross, 1994); oxidative stress results when ROS concentrations exceed the capacity of 

the antioxidant systems to maintain ROS levels within physiologically normal ranges. 

Toxicological studies have confirmed the oxidative activity of particulate matter and its 

ability to stimulate cellular generation of ROS (Donaldson et al., 1996; Donaldson et al., 

2002; Donaldson et al., 2003; Kunzli et al., 2006). A few investigations have also linked 

PM toxicological characteristics to their chemical composition, most notably to organic 

species and transition metals (Chen and Lippmann, 2009; Cho et al., 2005; DiStefano et 

al., 2009; Ntziachristos et al., 2007; Shafer et al., 2010). Most of these studies indicate a 

consistently higher oxidative potential on a per PM mass basis of quasi-ultrafine particles 
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(e.g. ≤250 nm) compared to the fine and coarse particles (Cho et al., 2005; Donaldson et 

al., 2002; Ntziachristos et al., 2007).  

 

Both molecular and cellular assays have been used to examine PM-induced oxidative 

stress. In molecular (cell-free) assays, chemical method such as consumption of 

dithiothreitol [DTT; (Cho et al., 2005)] has been used. The DTT assay determines in 

quantitative terms the capacity of a test sample to transfer electrons from dithiothreitol 

(DTT) to oxygen – a reaction analogous to the cellular redox reaction involving NADPH 

and oxygen. The electron transfer is monitored by the rate at which DTT is consumed 

under a standardized set of conditions, and the rate is proportional to the concentration of 

the redox-active species in the PM sample. To assess the relevance of this assay to 

cellular effects, studies have been conducted in which the DTT based redox activity of a 

sample has been compared with its capacity to induce the stress protein, hemeoxygenase-

1 in two cell lines – RAW264.7 and BEAS-2B. RAW 264.7 is a murine macrophage cell 

line that mimics the oxidative stress response of pulmonary alveolar macrophages (Hiura 

et al., 1999; Li et al., 2002), and BEAS-2B is a transformed human bronchial epithelial 

cell line, which mimics the oxidative stress response of primary bronchial epithelial cells 

(Li et al., 2002). DTT activities of PM samples were found to correlate with the induction 

of hemeoxygenase-1 in both cell lines (Li et al., 2003). These data suggest that redox 

activity measured by this procedure is a reasonable predictor of oxidative stress status in 

cells. 
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Fluorescent probes such as 2′,7′- dichlorofluorescein diacetate (DCF) (Becker et al., 

2005) has been extensively employed to study the cellular generation of ROS. The 

macrophage ROS assay is a fluorogenic cell-based method to examine the production of 

reactive oxygen species and is performed in rat alveolar macrophages (NR8383, 

American Type Culture Collection), which are exposed to aqueous suspensions of PM. 

The ROS probe used in this method – DCFH-DA (2,7-dichlorodihydrofluorescein 

diacetate) is a non-fluorescent, membrane permeable compound. Upon entering a cell, it 

is de-acetylated by cellular house-keeping esterases, yielding 2,7-

dichlorodihydrofluorescein (DCFH). Non-fluorescent DCFH can then be converted by 

free radicals and other oxidants within the cell into the highly fluorescent 2,7-

dichlorofluorescein (DCH) which can be easily monitored using a fluorescence plate 

reader. Further details of this assay are given in Landreman et al., (2008). 

 

While each of these assays was putatively considered a germane tool for measurement of 

net PM oxidative activity in biochemical systems, an increasing body of evidence, 

discussed in literature (Cho et al., 2005; DiStefano et al., 2009; Shinyashiki et al., 2009) 

suggests that the various toxicity assays are selective in their response to different PM 

constituents. It is thus generally believed that knowing particle chemical composition 

along with their physical attributes and source of emissions may be the critical starting 

point in understanding the fraction within PM that drives the health effects.   
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The primary objective of this study is to evaluate the toxicological characteristics of 

particulate matter in an urban environment and their linkages to the source-specific 

particle constituents. This objective is carried out by collecting both ultrafine and fine 

particles from an array of diverse emission sources, i.e. primary (heavy-duty diesel 

vehicles, and ambient PM influenced by vehicular and woodsmoke emissions), and 

secondary photochemical sources.  Both cell-free (DTT) and cell-based (macrophage 

ROS) assays were used to evaluate the oxidative activity of the collected particles. In 

addition, physicochemical characteristics of the sampled particles, such as particle 

number distribution, elemental and organic carbon, water soluble organic carbon, water 

soluble elements, inorganic ions and organic species were also analyzed. The associations 

of PM chemical constituents with their oxidative characteristics were investigated by 

mechanistic (physicochemical segregation of PM constituents) and statistical (bivariate 

and multivariate regression) techniques. This study offers a novel and informative 

perspective on the relationship between composition and sources of atmospheric particles 

to their relative toxicity potential.  

 

1.3 Thesis Layout 

This thesis is divided into five chapters: 

 

Chapter 1 is the introduction and gives an overview of the particulate matter along with 

their sources, characteristics and health effects. It also sets up the rationale for the present 

study. 
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Chapter 2 describes the physicochemical and toxicological characteristics (i.e. size 

distribution, volatility, size-resolved chemical components, and DTT activity) of PM 

emitted from heavy-duty diesel vehicles retrofitted with state-of-the-art after-treatment 

devices. Apart from assessing the potency of semi-volatile species to induce oxidative 

stress, the results are useful in assessing the efficacy of these control technologies and in 

establishing the future needs for additional measures to control these PM species. 

 

Chapter 3 discusses the physicochemical and toxicological characteristics of ambient 

particles from different primary and secondary sources (e.g. vehicular emissions, 

woodsmoke, and secondary photochemical reactions) at an urban site near downtown Los 

Angeles. 

 

Chapter 4 explores the linkages between chemical constituents of PM with their 

toxicological profiles. Both mechanistic (physicochemical segregation of PM 

constituents) and statistical (bivariate and multivariate regression) analyses have been 

performed to quantify the contribution of these species in oxidative activity of the 

particles.  

 

Finally, Chapter 5 of the thesis is the concluding chapter which summarizes the findings 

of the present investigation. It also identifies the limitations associated with the current 

methodologies and provides recommendations to improve upon. The chapter thus paves 
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the road for future investigations aimed at a better assessment of the role of different PM 

constituents in the observed health effects.  
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Chapter 2: Physicochemical and Toxicological Properties of 
PM Emissions from Heavy-Duty Diesel Vehicles 

 
 

2.1 Introduction 

Diesel exhaust particles (DEPs) are normally agglomerates of hundreds of volatile/semi-

volatile species adsorbed onto its refractory carbonaceous core (Bayona et al., 1988).  As 

general perception has emerged towards the potential risks of diesel particulate matter, 

policy makers are promulgating stricter emission control rules and regulations. To 

effectively meet such stringent emission standards, various advanced engine design and 

control technologies are being considered and rigorously evaluated for the newer fleet of 

heavy duty trucks.  While these after-treatment devices (such as DPF) have been highly 

efficient in removing refractory solid particles (>50nm), some of the potentially harmful 

volatile and semi volatile species (such as PAHs), originally emitted in the vapor phase at 

high plume temperature, may penetrate through (Kittelson, 1998; Matter et al., 1999). As 

the exhaust temperature decreases drastically at the tail pipe exit, these vapor phase 

species condense and form fresh nucleation mode particles (Kittelson, 1998). 

 

There has been a limited number of papers in the literature reporting the chemical 

composition of PM emissions from diesel vehicles equipped with DPF and SCR retrofits 

(Grose et al., 2006), especially for newer vehicles meeting the US 2007 emission 

standards. To a certain degree, these studies are limited by the insufficient PM mass of 

the exhaust that poses a challenge for detailed chemical analysis. Nevertheless, PM 

emissions from a diesel engine with advanced after-treatment devices are fundamentally 
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different than that from an uncontrolled diesel engine with respect to particle size, 

morphology, and chemical composition. 

 

The primary objective of this collaborative study between the California Air Resources 

Board (CARB) and the University of Southern California is to evaluate the 

physicochemical (size distribution, volatility, size-resolved chemical composition) and 

toxicological characteristics of the volatile and non-volatile fractions of particles emitted 

from a variety of different engines, fuels and emissions control, each operating under 

different driving conditions using a dynamometer set-up. Comparisons within heavy-duty 

vehicle types and driving cycles and also with respect to a baseline vehicle (without any 

control technology) are discussed.  

 

2.2 Experimental Methods  

Experiments were carried out at the California Air Resources Board’s (CARB) heavy-

duty diesel emission testing laboratory (HDETL) in downtown Los Angeles. Ayala et al., 

(2002) described the dynamometer specifications in details. Figure 2.1 shows the 

schematic of the experimental setup. The sampling train includes heavy-duty chassis 

dynamometer, constant volume sampling (CVS) dilution tunnel and aerosol samplers. 

Diesel vehicle exhausts were transported by a stainless steel hose pipe and diluted with 

filtered air through the CVS. Measurements were taken 18 diameter lengths downstream 

of the exhaust introduction in the CVS. Three driving cycles, i.e. steady state cruise 

(50mph), transient [EPA urban dynamometer driving schedule (UDDS)] and idle were 
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tested to simulate various real-world driving conditions. The fuel used to run the engines 

was CARB ultra-low sulfur diesel (ULSD) with sulfur content less than 15 ppm. Tunnel 

blank levels were measured and vehicles were conditioned (warmed up) everyday before 

the start of official runs. The CVS was cleaned prior to starting the project. 

 

Figure 2.1: Experimental setup 
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2.2.1 Vehicles  

The test fleet comprised of four heavy-duty diesel vehicles in seven configurations (Table 

2.1). A 1998 Kenworth truck served as a baseline vehicle, without any emission control 

technology. The same Kenworth truck was also tested with three different control 

technologies: a Continuously Regenerating Technology [CRT], consisting of a diesel 

oxidation catalyst (DOC) followed by an uncatalyzed trap; CRT in combination with a 

selective catalytic reduction system [Zeolite or vanadium based SCRTs]. The other three 

test vehicles were a diesel hybrid electric bus, a school bus, and a Caltrans truck.  
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Table 2.1: Details of test fleet 
 

Vehicle Engine After treatment (AT) Dilution 

Make Nomenclature Model Size 
[L] Type Miles 

on AT 

Approximate 
Dilution 

Ratio in CVS 

Kenworth V-SCRT 
Cummins 

M11, 
reflashed 

11 
Vanadium 

based 
SCRT® 

50,000 
9.2 Cruise     

6-30 UDDS   
14 Idle 

Kenworth Z-CERT 
Cummins 

M11, 
reflashed 

11 Zeolite based 
SCRT® 

0 on 
SCR, 

50,000 
on 

CRT 

9.2 Cruise     
6-30 UDDS   

14 Idle 

International DPX International 
DT466E 7.6 Engelhard 

DPX 30,000 
6.2 Cruise     

5-25 UDDS   
22 Idle 

Gillig (35ft) 
with Alison 

Hybrid 

Hybrid-
CCRT Cummins 5.9 CCRT® 1000 5-50 UDDS   

Thompson-
School Bus 

EPF/School 
Bus/Horizon Cummins 5.9 Cleaire - 

Horizon 32,000 
8.3 Cruise     

8-80 UDDS   
25 Idle 

Kenworth CRT 
Cummins 

M11, 
reflashed 

11 
Continuously 
Regenerating 
Technology 

64,000 
9.2 Cruise     

6-30 UDDS   
14 Idle  

Kenworth Baseline 
Cummins 

M11, 
reflashed 

11 None NA. 
9.2 Cruise     

6-30 UDDS   
14 Idle 
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The two SCRT technologies consist of a wall-flow particulate trap (CRT) followed by a 

SCR section. The CRT was the same in each configuration. The difference between them 

lies in the choice of catalysts (vanadium or Zeolite) for the SCR to control oxides of 

nitrogen (NOx). The Caltrans truck, with a smaller engine (7.6 L) than the Kenworth 

truck (11 L, Table 2.1), is retrofitted with an Engelhard DPX filter. The DPX filter is 

comprised of a diesel particulate trap with a catalytic wash-coat.  The diesel hybrid 

electric bus (San Joaquin Valley RTD) is equipped with a catalyzed continuously 

regenerative trap, or CCRT, consisting of a DOC followed by a catalyzed trap, which was 

virtually brand-new, with only 1000 miles on the odometer. The last test vehicle was an 

Elk Grove school bus, equipped with an electric particle filter (EPF). The EPF (Horizon) 

consists of a non-catalyzed silicon carbide substrate for PM control, coupled with an 

electric heating element and a small blower. The trap is regenerated periodically using 

electricity from the grid (plug in configuration) during non-operational periods—mostly 

at night. Hereafter, the test fleet is referred as baseline, CRT, V-SCRT, Z-SCRT, DPX, 

hybrid-CCRT and EPF/School Bus/Horizon.  

 

The dilution air flow rate at CVS was 2600 cfm (74 m3 min-1) for cruise and UDDS 

cycles, and 1600 cfm (45.4 m3 min-1) for the idle. For EPF and Hybrid-CCRT, the flow 

rates were maintained at 1600 cfm for all cycles. These flow-rates result in approximate 

dilution ratios of 6-9 for cruise, 5-80 for UDDS, and 15-25 for idle. 
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2.2.2 Equipment and Instruments 

Specific descriptions of some of the instruments and equipment used for this study are 

provided in this section. 

 

Nano-MOUDI 

Size-resolved samples were collected using a micro-orifice uniform deposited impactor 

(MOUDI) upstream of a nano-MOUDI (MSP Corporation, Minneapolis, MN) loaded 

with pre-cleaned aluminum foil substrates. Particles were classified in the following 

aerodynamic size ranges: 10-18nm, 18-32nm, 32-56nm, 56-100nm, 100-180nm, 180nm-

2.5μm and >2.5μm. The MOUDI-Nano MOUDI tandem was operated for multiple runs 

in order to accumulate sufficient mass for chemical analysis for each vehicle and driving 

cycle.  

 

DMS/ EEPS 

Size distribution of engine exhausts from the CVS was monitored every second by two 

multiple channel differential mobility spectrometers: a DMS500 (Cambustion) and an 

engine exhaust particle sizer (EEPS 3090, TSI Inc.). Both DMS and EEPS classify 

particles on the basis of their mobility diameter. The cut-off size ranges of EEPS and 

DMS are 5.6-523 nm and 4.5- 1000 nm, respectively. With high time resolutions, they 

are both capable of tracking transient particle behavior, especially during UDDS cycles. 

With few exceptions (V-SCRT, Z-SCRT only), in which the DMS was placed 
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downstream of the particle measurement program (PMP) sampler, both instruments were 

connected directly to CVS.   

 

PMP 

A particle measurement program (PMP) protocol was developed in Europe to measure 

the solid particle emissions from light duty vehicles. The sampling train of PMP contains 

a volatile particle remover (VPR) and a particle counter. The VPR provides two stage 

dilution connected by an evaporation tube (ET). The temperature for the primary dilution, 

ET and secondary dilution is 150, 300 and ~35 oC, respectively. Detailed information for 

the PMP can be seen in Herner et al.,(2007a). 

 

Thermodenuder 

Particle volatility was determined by two thermodenuders (Model ELA-230, Dekati Ltd) 

sampling in parallel, each heating the entering aerosol to 150 and 230 oC, respectively. 

The thermodenuder consists of a heating section, followed by an adsorption/cooling unit. 

As aerosol stream was drawn from the CVS and passed through the heating tube, part of 

its volatile/semi-volatile components was sheared off. These labile species adsorb onto a 

layer of activated charcoal placed on the walls of the thermodenuder, leaving the non-

volatile PM fraction to be collected on Teflon filters (47mm, PTFE, Gelman) placed 

downstream of the thermodenuders.  Multiple runs were integrated to achieve desired 

sample mass loadings on these filters to perform various chemical and toxicological 

analyses. Solid particle number concentrations and size distributions were monitored 
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intermittently by a condensation particle counter (CPC 3022 A, TSI Inc., MN) and a 

differential mobility particle sizer (DMA, TSI 3085).  

 

High Volume Sampler 

The high volume sampler is a specially designed filter holder [Hi-Q Environmental 

Products Co., CA; (Misra et al., 2002)] to collect particles on 20x25 cm filters at a 

relatively high flow rate (450 l/min). Integrated PM samples from the CVS were 

collected using this sampler on Teflon coated glass fiber (GF) filters (Pallflex, Fiberfilm 

T60A20 – 8x10 inch, Pall Corp., East Hills, NY). 

 

2.2.3 Sample Analysis 

Aluminum substrates from MOUDI-NanoMOUDI stages were pre and post-weighed 

during the sampling to determine the mass loadings. The elemental and organic carbon 

(EC, OC) content of deposited PM was analyzed by thermal-optical method (Kleeman et 

al., 1999). The ion concentrations were derived by ion chromatography (IC) technique. 

The water-soluble organic carbon (WSOC) content extracted from Teflon coated GF 

filters were analyzed by Shimadzu TOC-5000A liquid analyzer (Zhang et al., 2008). The 

oxidative potential of PM was measured by the DTT assay. The DTT assays were 

performed for denuded and undenuded PM collected on Teflon filters and undenuded PM 

on Teflon-coated glass fiber filters.  

 

 



                                             

19 
 

2.3 Results and Discussion 

2.3.1 Size Distribution  

Figure 2.2 presents tunnel blank- subtracted mean particle size distributions for vehicles 

at different operating conditions. These distributions derived from DMS/EEPS 

measurements are grand averages of multiple runs for each driving cycle. The data are 

reported in terms of number per vehicle kilometer traveled for cruise and UDDS cycles, 

and number per hour for idle.  The primary focus here is to give a brief overview in order 

to provide meaningful insights and support to some of the findings described in 

subsequent sections.   

 

While performing preliminary quality assurance – quality control (QA/QC) of real time 

data for SCRTs (V-cruise, UDDS, Z-Cruise), we noticed that few EEPS sizes channels 

(10-20nm) were almost always saturated due to particle over-loadings. These size bins 

were subsequently replaced with corresponding secondary dilution-corrected DMS data 

(the DMS was placed downstream of the PMP secondary dilution with the ET off) to 

obtain more accurate size distributions.  For rest of the test fleet [except CRT], we used 

data from the DMS, which was directly connected to the CVS.  We have added a tunnel 

blank distribution in Figure 2.2f (Baseline vehicle). 

 

Size distribution patterns for both SCRTs are quite similar with sharp modes (Figure 2.2 

a,b) at ~ 10nm. The distinguishable feature is the less prominent nucleation mode for 

UDDS runs especially for the Z-SCRT-UDDS cycle. This may be due to the fact that the 
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Zeolite-SCRT requires much higher temperature to trigger and sustain nucleation than the 

vanadium based SCRT catalysts (Herner et al., 2007b). Moreover, in general the zeolite 

catalysts have lot more catalytic surface area than vanadium catalysts and the Z-SCRT 

system used for this study is completely new (Table 2.1).  These provide higher storage 

sites for sulfate generated by the upstream DOC and DPF during transient and low 

temperature testing. 
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Figure 2.2 a, b, c, d, e, f:   Particle number size distribution  
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Figure 2.2 (Continued) 
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Figure 2.2 (Continued) 
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condensation of semi-volatile organic vapors. For a brief sampling period, we bypassed 

the SCR portion from exhaust after-treatment system (SCRT) just to investigate the 

impact of the SCR catalysts.  Although, this modification did not result in visible 

alteration of the shape (on log scale) of the distributions (CRT, Figure 2.2e), number 

concentration decreased by a factor of 2-3 from the V-SCRT and Z-SCRT cruise cycles - 

suggesting SCR catalysts’s role on nucleation. Unlike cruise or UDDS cycles, idle runs 

are characterized with remarkably low particulate number emission rates, coupled with 

broad size distributions (Figure 2.2a, b). The second test engine, Engelherd-DPX (Figure 

2.2c) displays a dominant nucleation mode, almost identical to the SCRTs/CRT.  It has 

been hypothesized that the catalyst wash-coat on DPF (if saturated) may be enhancing the 

conversion of SO2 to SO3/sulfate and partially stimulates the nucleation process (Hansen 

et al., 2001).  

 

Contrary to the general notion that particulate filters augment nucleation, the hybrid 

vehicles [with a CCRT] and the school bus [with an EPF] were found to be highly 

efficient in suppressing if not eliminating this PM mode. The Hybrid-CCRT vehicle 

(Figure 2.2d) resulted in concentrations (CVS) in the range of ~104 particles cm-3, thus a 

1,000-fold improvement over the previously tested vehicles (>107 particles cm-3). We 

hypothesize that the initial capacity of its relatively new trap (with only 1000 miles on it) 

to store sulfur has significantly suppressed the formation of nuclei mode particles. Once 

all the storage sites are saturated, nucleated sulfate particles are expected. For this vehicle 

only a few odd large particles are left downstream (Figure 2.2d).  The school bus (Figure 
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2.2d), however, was the cleanest amongst the entire test fleet with number emissions less 

than 1500 particles cm-3measured in the CVS. It is important to note here that this vehicle 

is equipped only with an uncatalyzed filter (EPF) which is least likely to enhance the 

nucleation process. Thus, nucleation is not only control device specific but also a 

function of age and operating conditions e.g. temperature of the catalysts. 

 

The baseline truck, on the other hand, represents the older genre of vehicles and was 

found to emit substantial amounts of larger particles (Figure 2.2f) with modes in the 60-

100 nm range.  Because of their large surface area, these accumulation mode particles act 

as adsorption sites and thus perfect sinks for organic vapors, leading to suppression of 

nucleation mode (Liu et al., 2007). 

 

2.3.2 Size Segregated Mass Emission Factors  

Size fractionated mass emissions factors (in mg km-1 or mg hr-1) are calculated based on 

the loadings on the MOUDI-nano-MOUDI impaction plates. The mass loadings on the 

individual substrates are generally low for retrofitted vehicles and depending on size 

ranges variation in the order of 20-40% (Standard Deviation/Mean; from few duplicate 

measurements) are observed.  

 

Although a direct correspondence of mobility and aerodynamic diameters is not accurate 

without establishing some conversion factors, we can utilize the information from Table 

2.2 to complement the mobility size distributions (Figure 2.2) described before. Number 
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and mass based size distributions are found to be in reasonable agreement with each other 

in terms of their trends.  

 

 Table 2.2: Size fractionated mass EFs (mg km -1 for Cruise and UDDS, mg hr-1 for Idle) 

Size (nm) 10--18 18-32 32-56 56-100 100-180 

180-

2500 >2500 

V-SCRT 
UDDS 0.73 1.44 2.46 1.36 0.86 1.07 0.83 

Idle 3.18 2.48 1.77 4.25 12.03 7.78 6.37 

Z-SCRT 

Cruise 0.9 1.48 1.6 1.15 0.53 0.97 0.5 

UDDS 0.17 0.34 0.32 0.17 0.62 0.55 0.66 

Idle 1.06 3.54 1.42 0.35 3.54 0 3.18 

DPX 

Cruise 0.65 0.29 0.3 0.11 0.27 0.21 0.2 

UDDS 0.56 0.46 1.25 0.6 0.41 0.2 0.35 

Idle 4.91 1.89 12.45 3.4 7.92 3.02 5.66 

Hybrid 

(CCRT) UDDS 0.26 0.12 0.22 0.33 0.17 0.57 0.35 

CRT 
Cruise 1.35 0.86 0.98 0.49 0.57 1.15 0.37 

UDDS 1.25 1.52 3.19 0.55 1.52 2.63 0.83 

EPF 

Cruise 0.04 0.22 0.12 0.14 0.07 0.15 0.12 

UDDS 0.05 0.08 0.16 0.1 0.05 0.29 0.17 

Idle 5.92 3.48 5.92 4.53 3.13 8.71 7.66 

Baseline 

Cruise 1.02 1.96 5.96 9.98 29.4 31.1 1.03 

UDDS 1.39 2.54 10.7 19.6 86.8 192 3.41 

Idle 19.363 60.241 565.83 600.26 2327.9 6049.9 346.39 
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Figure 2.3:  Number (DMS) and mass emission factors (nano-MOUDI) 
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cruise cycles on average generate higher nucleation and lesser accumulation mode 

particles than the UDDS cycles. The differences between these driving cycles are even 

more pronounced in mass distributions (Table 2.2):  significant shifts towards larger sizes 

are apparent in UDDS runs due to increased emission of accumulation mode particles 

during the acceleration processes (Polidori et al., 2008). Aerosol formation mechanism, 

poorly understood till date, seems to be a function of vehicle type and driving conditions 

and retrofit design.   

 

Figure 2.3 is an informative graph showing a plot of number EFs vs. Mass EFs (nano-

MOUDI, except V-SCRT-Cruise) for each vehicle and driving cycle. Each data point 

corresponds to a cruise or an UDDS cycle for a given vehicle. The graph shows that for 

several of the after-treatment devices tested, particle number emissions increase with 

reduced mass emissions. There are some outliers or exceptions observed for Z-SCRT at 

UDDS cycle, Hybrid-CCRT, EPF and Idle (not shown) for which both number and mass 

EFs are relatively low.  Thus, most of the new after-treatment devices appear to be highly 

efficient in reducing mass emissions but some are not effective in controlling number 

concentrations due to the formation of nuclei mode particles.  

 

2.3.3 Particle Volatility  

Particle volatility was measured at 150 and 230oC except in few occasions (Hybrid-

CCRT, EPF) when both the thermodenuders were operated at 150oC to maximize our 

capability to collect mass of non-volatile particles.  For the majority of the cases, 
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volatility at 230oC is at least an order of magnitude higher than their counterparts at 

150oC, indicating complete disappearance of large fraction of particles within this 

temperature window.  

 

The significant particle number loss between 150 to 230oC, especially for cruise cycles, 

may be elucidated by the evaporation profiles shown in Figure 2.4. The majority of 

particles in the 7-20 nm size range for DPX and CRT have disappeared as the aerosol 

stream is heated from 150oC to 230oC. This is in total contrast to the baseline vehicle, 

where no noticeable shift in size spectrum is observed. Matter et al., (1999) reported very 

similar thermal desorption trends between 172 and 204oC for particles sampled 

downstream of a DPF.     

 

Figure 2.4: Size distribution of thermo denuded aerosols for cruise mode  
Note: Available only for DPX®, CRT® and Baseline  
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2.3.4 Emission Factors (EF) of Inorganic Ions and Total Carbon (TC) 

Figure 2.5 shows the EFs (expressed in mg of PM species per kilometer driven) of 

chemical species integrated over the MOUDI-NanoMOUDI stages from 0.01- 2.5 µm. 

The low emission vehicles pose a challenge for PM chemical analysis due to very low 

mass loadings on individual substrates. The analytical uncertainties are shown by the 

error bars. 
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Figure 2.5:  Emission factors of integrated chemical species measured by MOUDI-
NanoMOUDI. a). Cruise 50 mph b). Transient UDDS 
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At both cruise and UDDS cycles, significant reductions in the emission of TC were 

observed for the retrofitted vehicles compared to the baseline vehicle. However, elevated 

emission rates of sulfate and ammonium were observed for vehicles and-or driving cycles 

that have a substantial fraction of nucleation mode particles, i.e. CRT, V-SCRT 

(measurements only available for UDDS cycle), Z-SCRT-cruise and DPX, compared to 

the baseline vehicle. The school bus retrofitted with an electric particulate filter (Horizon) 

was consistently the cleanest vehicle with the lowest emissions of inorganic ions and TC. 

This is also in agreement with the emission rates of PM based on gravimetric mass 

measurement.  

 

The emission factors of TC were further split into EC, water-soluble and water-insoluble 

OC (WSOC and WIOC, respectively) and shown in Figure 2.6. The baseline vehicle 

(shown on secondary axis) not only emits considerable amount of EC (Cruise: 13.8 mg 

km-1, UDDS: 65.9 mg km-1) but also elevated levels of WIOC (Cruise: 28.2 mg/km; 

UDDS: 88 mg/km) and WSOC (Cruise: 2.7 mg km-1; UDDS: 14 mg km-1). The low EFs 

of WIOCs (~0.1-0.4 mg km-1) and WSOC (0.05-0.95 mg km-1) for the retrofitted vehicles 

suggest that these control devices are also effective (65-99%) in reducing the major 

fraction of organic carbon in addition to EC. However, it is important to note here that 

only the baseline, V-SCRT, Z-SCRT and CRT configurations (same vehicle) are directly 

comparable and caution should be exercised while comparing with other vehicle 

configurations (DPX, Horizon, CCRT).  
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Figure 2.6: EC, WSOC and WIOC emission rates at a) Cruise 50mph and b) Transient 
UDDS c) Proportion of WSOC to OC.  
Note: V-SCRT cruise and CCRT-Cruise cycles are not available 
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Figure 2.6 (Continued) 
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nucleation mode. In contrast, OC dominates in accumulation mode for the baseline 

vehicle. In addition to size distribution of OC, control technologies seem to have major 

influences on the percentage of WSOC emitted by vehicles. The DPF of Horizon and 

SCRTs (higher WSOC/OC) are uncatalyzed, while DPX and CCRT (lower WSOC/OC) 

have catalyzed filters. Although SCRTs and CCRT both have DOCs upstream of the 

DPF, the results suggest that DOCs, in comparison to DPF types (catalyzed or 

uncatalyzed) have a minimal effect on the WSOC/OC ratio. This conclusion, however, 

does not imply that the DOCs have not contributed in reducing OC from the total vehicle 

emissions.  

 

2.3.5 Size Segregated Chemical Speciation 

The ion and total carbon emission data reported in Figure 2.7 a,b,c are further segregated 

into three size ranges, i.e. 10-56nm, 56-180nm and 180-2500nm. The V-SCRT-UDDS, 

Z-SCRT cruise, CRT and DPX have displayed the highest content of sulfate in the 

nucleation mode. This finding is consistent with the conclusions of recent emission 

studies that nuclei mode particles from DPF equipped vehicles are predominantly sulfates 

(Grose et al., 2006). However, significant levels of TC were also present in these 

vehicles. During the analysis of the physical PM properties, we observed that nucleation 

is suppressed in CCRT and Horizon, which have both a higher mass fraction of total 

carbon concentrations in all size ranges and less sulfate in nucleation mode PM. Unlike 

the SCRT cruise cycles, the UDDS cycles for Z-SCRT are unique in the sense that the 

emission rates of TC dominate those of sulfate. This may be again due to higher 
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activation temperature of Zeolite catalysts, which may impede the conversion of SO2 to 

sulfate during transient cycles, for which the exhaust temperature fluctuates continuously. 

Herner et al., (2007b) reported that the critical temperatures (post after-treatment 

temperatures) required for Z-SCRT and V-SCRT to trigger nucleation are 373oC and 330 

oC, respectively.  

 

Figure 2.7:  Emission rates of size-resolved PM chemical species. a) Cruise 50 mph, b) 
Transient UDDS  c) Baseline vehicle 
Note: Nucleation (Nuc, 10-56 nm), UF: 56-180 nm and Acc: 180 nm – 2.5μm.  
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Figure 2.7 (Continued)
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Figure 2.7c shows the mass size distribution of the chemical components of PM 

emissions from the baseline vehicle. Total carbon concentration outweighs any other 

species for the baseline vehicle (>99% of total PM mass concentration). Further, the 

UDDS cycle of Baseline vehicle emits almost 3-fold higher TC than the cruise cycle. 

This can be explained by the shift of TC peaks during cruise cycle in the 100-180nm 

(25mg km-1) size rage to the even larger accumulation mode (180-2500nm, 90mg km-1) 

during UDDS cycle.  The higher emission of TC during the transient cycles, however, 

was not observed for Z-SCRT and Horizon (Figure 2.7a, b). The Z-SCRT-UDDS cycle 

emitted the least amount of PM mass among all the retrofitted cycles of Kenworth truck 

(CRT; SCRT cycles). This particular cycle also lacked a pronounced nucleation mode 

which was observed in CRT and other SCRT cycles. Higher activation temperatures for 

the Zeolite catalysts can inhibit the nucleation process (as mentioned before) especially 

during the fluctuating exhaust temperature of the UDDS cycle. Since a considerable 

fraction of TC (mostly OC for retrofitted vehicles) is associated with the nucleation 

mode, it is likely that the lack of nucleation can retard condensation of organics on these 

particles. Emissions of TC from both the Horizon cycles are low and comparable to the 

analytical limits of detection; therefore caution should be exercised in making inferences 

based on these data.    

 

2.3.6 DTT Activity 

Blank-subtracted (filter blank DTT~0-0.0005 n-mole µg-1 min-1) DTT consumption rates, 

normalized per unit mass of PM are reported in Figure 2.8 a,b,c for various vehicle 
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configurations. The vehicle with the Horizon trap had the highest per mass DTT activity 

(0.16-0.19 n-mole µg-1 min-1 for cruise and UDDS) irrespective of driving conditions. 

The DTT consumption rates from both Vanadium and Zeolite-based SCRTs are on the 

same order of magnitude (0.01-0.02 n-mole µg-1 min-1). It is interesting to note that when 

the selective catalytic reduction (SCR) section from SCRT is removed from the exhaust 

stream and the vehicle is operated with only CRT (i.e., the DOC+ uncatalyzed filter), the 

DTT activity increased by a factor of almost 3, both for cruise and UDDS cycles. The 

CCRT (Catalyzed filter + DOC) is the most efficient among the test fleet with DTT rates 

as low as 0.006 n-mole µg-1 min-1. Of particular note is the elevated level of activity for 

the DPX and Horizon vehicles. The baseline vehicle emitted PM with similar oxidative 

characteristics to those of newer vehicles with control technologies. 

 

Figure 2.8 also reports the DTT values for the thermo denuded filters. There is a 

significant reduction (50-100%) in the activity as particles are heated to 150oC and their 

semi-volatile component is removed. The baseline vehicle, however, did not show any 

alteration in DTT response between denuded and undenuded exhaust stream, except 

while idling. This is because of the highly refractory nature (mostly soot) of these 

particles.   
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Figure 2.8 a, b, c:  Oxidative Potential (DTT consumption in n-moles min-1 μg-1 of PM ) 
of thermo-denuded and undenuded PM  
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Figure 2.8 (Continued) 
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The increased DTT activity of the semi-volatile PM fraction is further highlighted by 

comparing with their corresponding semi-volatile PM mass and number fractions (Figure 

2.9). For vehicles with (soot removing) control devices, the semi-volatile fraction 

contributed roughly 70-100% of the net oxidative activity compared to 20-30% for 

baseline vehicle. The sole exception is the CCRT vehicle, which hardly produced any 

oxidative activity from its semi-volatile fraction, despite emitting 45% of semi-volatile 

PM by mass and 37% by number. For this vehicle (CCRT) the relatively low level of OP 

has originated from its residual non-volatile fractions. In general, particle number-based 
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volatility, which is predominantly driven by the evaporation of the sub-50 nm, so-called 

nucleation mode particles (Kittelson, 1998), followed the activity trends better than the 

PM mass volatility.  

Figure 2.9: Relationship between oxidative activity and semivolatile PM fraction at 150 
°C (Showing good correlation of DTT (filled circles) with particle number (hollow 
diamonds) and poor correlation with PM mass (bars)). 
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The DTT results (Figure 2.10 a,b,c) expressed per unit vehicle distance traveled provide a 

better idea of the total oxidative load imparted on the environment by these vehicles. 

They also provide a quantitative assessment of the effectiveness of these after treatment 

devices. While we observed a comparable or lower oxidative response of the baseline 

vehicle per unit mass of PM, its net DTT consumption (per km) is substantially higher 

(>3 times) than retrofitted vehicles.  

 

Figure 2.10 a,b,c:  DTT consumption  per unit distance ( in n-moles min-1 km-1)  traveled 
by vehicles for Cruise and UDDS cycles and per hour( in n-moles min-1 hr-1) for Idle  
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Figure 2.10 (Continued)
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2.3.7 Water Soluble Organic Carbon and DTT 

Figure 2.11 shows the WSOC (% of PM mass) and DTT consumption (per unit PM mass) 

for vehicle-configurations. DTT and WSOC followed the same trend, irrespective of 

driving condition or control devices. The school bus (Horizon), which exhibited the 

highest oxidative activity per unit mass, also emitted the highest fraction of soluble 

organics (35-83%). Similarly higher WSOC content was found for the higher DTT values 

of PM produced by the DPX-idle cycle.  

 

Figure 2.11: DTT consumption (n-moles min-1 μg-1 of PM) in relation to the water-
soluble organic carbon (WSOC) of PM from the exhaust 
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2.3.8 Correlation between Chemical Species and DTT Activity 

To assess the contribution of various species to DTT activity, the Pearson’s coefficient 

(R) and the associated significance levels (p-value) have been calculated and are shown 

in Table 2.3 for the correlation of different chemical constituents with DTT values. The 

DTT was significantly correlated with WSOC (R=0.94, p<0.01) and organic acids (sum, 

R=0.91;  p<0.01) and moderately correlated with organic carbon (R=0.76, P=0.02). All 

other species, including inorganic ions, PAHs, EC, alkanes either have low or negative 

correlation. No correlation analysis was performed between metals and DTT. Although 

some of the transition metals (such as Cu) can actively participate in DHBA assay, their 

contributions are insignificant for DTT tests (Cho et al., 2005).  

 

Table 2.3: Correlation coefficient (R) and significance level (p) for the DTT activity and 
selected chemical species 
 
 

Species R P 
EC -0.35 0.37 
OC 0.76 0.02 
NO3

- -0.09 0.77 
SO4

2- -0.32 0.27 
NH4

- -0.25 0.26 
K+ 0.43 0.20 
Cl- 0.34 0.15 
WSOC 0.94 <0.01 
Alkanes (Alk.) 0.03 0.54 
PAHs -0.26 0.75 
Organic Acids (OA) 0.91 <0.01 
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2.4 Conclusions 

This investigation presents some of the first detailed particle characterizations for 

advanced NOx and PM retrofits in heavy duty diesel vehicles. The test fleet includes a 

diesel hybrid electric with a DPF (Hybrid-CCRT), a continuously regenerating 

technology (CRT), a vanadium-based SCR catalyst with a CRT (V-SCRT), a Zeolite-

based SCR catalyst with a CRT (Z-SCRT), a DPX, and an EPF (Horizon/School Bus). A 

HDDV vehicle without emission controls served as the baseline vehicle. The fleet was 

tested under three driving cycles: cruise at 50 mph, UDDS and idle. 

 

While comparing with a baseline vehicle, significant reduction (>90%) in mass, EC, OC, 

WSOC emissions is achieved for vehicles with retrofits. However, enhanced nucleation 

mode particles were observed for some of the vehicles especially during cruise cycles. 

The Hybrid-CCRT and EPF vehicles were efficient in controlling both mass and number 

emissions. The vehicles with significant nucleation (CRT, V-SCRT, Z-SCRT and DPX) 

mode particles produced considerable amount of sulfates especially during steady state 

operations. On the contrary, the non-nucleating configurations (Horizon, CCRT, Z-

SCRT-UDDS) were associated with higher amount of total carbon in the form of OC. 

Soluble fraction of OC was highest for Horizon followed by SCRTs, DPX and baseline.  

 

Despite a general increase in the intrinsic DTT activity (per mass basis) of exhaust PM 

with use of most control technologies, the overall activity (expressed per km or per hr) 

was substantially reduced for retrofitted configurations compared to the baseline vehicle. 
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The semi-volatile fraction of the exhaust particles was observed to be highly oxidative in 

nature as demonstrated by a significant reduction in DTT activity (by 50-100%) observed 

for thermally-denuded PM. Correlation analysis performed between all the species, 

showed that DTT is moderately associated (R=0.76) with organic carbon (OC) and 

strongly associated (R=0.94) with the water soluble organic carbon (WSOC). 
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Chapter 3: Toxicity Profiles of Ambient Particles Influenced 
by Vehicular, Woodsmoke and Secondary Photochemical 

Sources 
 
 

This chapter is divided into two sections, describing the oxidative activity profiles of 

ambient PM from vehicular and secondary photochemical sources (section 3.1), and from 

woodsmoke sources (wildfires; section 3.2). The major findings of both the studies have 

been summarized in the respective sections.  

 

3.1 Oxidative Activity Profiles of Ambient Particulate Matter from Primary and 
Secondary Sources 
 
 
3.1.1 Introduction 

Atmospheric quasi-ultrafine particles (quasi-UFP) originate from two broad categories of 

sources: primary and secondary. Primary particles are directly emitted from combustion 

sources, including heavy and light duty vehicles, woodsmoke, and industries including, 

for example, power plants. In the presence of various atmospheric oxidants, primary 

particles may undergo photochemical processing yielding secondary particles with 

distinctly different physical and chemical characteristics compared to their precursor 

primary particles. Diurnal changes in physical properties (particle number size 

distribution and volatility) of the quasi-ultrafine particles at an urban location near 

downtown Los Angeles have been discussed in detail by Moore et al., (2007). In a 

companion paper, the chemical composition of  ambient samples collected in two 

different time periods (morning and afternoon) at the same site was also presented (Ning 
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et al., 2007). Results from both studies indicated a strong influence of commute traffic 

emissions during the  morning hours  as evidenced by elevated concentrations of nitrogen 

oxides (NOx), carbon monoxide (CO), black carbon (BC) (Moore et al., 2007), alkanes, 

PAHs and hopanes (Ning et al., 2007). By contrast, the afternoon concentrations of 

oxygenated organic acids and sulfate rose, while other species were diluted by the 

increased mixing height or lost due to increasing temperature. These are clear indicators 

that secondary photochemical reactions are a major source of quasi-ultrafine aerosols in 

the afternoon.  

 

The reaction mechanisms leading to the generation of secondary organic aerosols (SOA) 

have not been fully characterized due to the complex nature of organic compounds in the 

atmosphere. The differences in the physico-chemical characteristics of primary and 

secondary particles will likely lead to differences in their oxidative activities including 

their ability to induce cellular oxidative stress (Baltensperger et al., 2008; Delfino et al., 

2009; Ntziachristos et al., 2007). Recent laboratory experiments also indicate that 

combining primary diesel particles with ozone (in order to mimic atmospheric 

photochemical transformation processes) substantially enhances the oxidative activity of 

the PM (Li et al., 2009); however, there are very few studies investigating this important 

issue using real world atmospheric aerosols.  

 

The present section of the chapter focuses on comparing the oxidative activity profiles of 

the quasi-ultrafine particles (<180 nm in this study) at an urban site near downtown Los 
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Angeles collected during  two different time periods of the day – morning and afternoon, 

representing particles characterized by primary emissions and secondary aerosols 

formation, respectively. The oxidative activity of the collected particles has been 

measured by two independent assays: 1) the DTT assay, and 2) the macrophage ROS 

assay. Detailed chemical analyses of the collected samples including water soluble 

elements, inorganic ions, organic species and water soluble organic carbon have been 

conducted to distinguish the chemical properties of the source specific particles, and also 

to investigate their correlation with the measured oxidative activities. Our goal was to 

contrast the toxicity profiles of ambient quasi-ultrafine particles emitted from primary 

vehicular sources with those produced from secondary processes and atmospheric aging.  

 

3.1.2 Experimental Methods 

3.1.2.1 Sampling Location 

This study was conducted at the Particle Instrumentation Unit (PIU) of Southern 

California Particle Center (SCPC) on the campus of University of Southern California 

(USC) near downtown Los Angeles. The sampling site is located approximately 130 m to 

the NE of the I-110 freeway, near construction, parking facilities and other nominal 

sources of pollutant emissions.  Pollutant sources near this site are predominantly from 

vehicular sources with traffic patterns consistent with a mixed-use urban environment.  

Light duty gasoline vehicles constitute the major fraction (>93%) of traffic at the stretch 

of freeway near the site, with the rest being heavy duty diesel vehicles. Studies indicate 

that the average monthly PM chemical composition in the quasi-ultrafine mode at the 
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USC and other similar Los Angeles-area sites is dominated by organic carbon, which 

varies from 40 – 90% depending upon the season and location (Fine et al., 2004; Hughes 

et al., 1998; Sardar et al., 2005). Additional sampling site information including the 

results of earlier investigations of the physical and chemical properties of the PM 

observed at the USC site can be found in Ning et al., (2007) and Fine et al., (2004). 

 

3.1.2.2 Sampling Protocol 

Sampling was conducted between June and August, 2008 over a period of 10 consecutive 

weeks (excluding weekends). Quasi-ultrafine particles (Dp<180 nm) were collected using 

a low pressure drop impactor on Zefluor PTFE Membrane Filters (Pall Life Sciences, 3 

µm, 8"x10", 28139-597) seated in a specially designed 20x25 cm high volume sampler 

(HIQ Environmental Products Co., CA). The impactor has been designed primarily as a 

separator of quasi-ultrafine particles from accumulation mode (0.18 µm ≤ Dp ≤2.5 µm) 

particles at a flow rate of 400 L/min. The design and operating performance of the multi-

slit impactor have been described in detail previously  (Misra et al., 2002). Time 

integrated samples were collected during both “morning” (6:00-9:00 PDT) and 

“afternoon” (11:00-14:00 PDT) time periods and were grouped into three sample sets 

(S1, S2, S3). There were 18 days total for the S1 sampling set, while both the S2 and S3 

sets were collected for 16 days each. As the samples were composited for each grouping 

period (i.e. particles were collected on the same filter); the total number of samples for 

the entire campaign was 6 - two samples (morning and afternoon) for each grouping 

period (S1, S2 and S3). Thus, each sample of set S1 encompassed 54 hrs (18 days 
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multiplied by 3 hrs per day), while 48 hrs (16 days multiplied by 3 hrs per day) for each 

sample of sets S2 and S3.  The “morning” period corresponds to rush hour traffic when 

the ambient aerosols at the sampling site are dominated by primary particles freshly 

emitted from vehicles on the nearby freeway (Moore et al., 2007). The “afternoon” period 

represents the mixture of primary and secondary particles undergoing physical and 

chemical changes (i.e., photo-oxidation, volatilization, dilution and possibly re-

suspension) (Moore et al., 2007).  The strong influence of secondary photochemical 

sources during the afternoon at the sampling site is evidenced by the concentration of 

ozone [(O3); averaged over three time periods, i.e., S1, S2 and S3], which increased from 

9±4 ppb in the morning period to 50±10 ppb in the afternoon period. Meteorological 

conditions were quite consistent during the entire study period, with higher temperature 

and lower humidity in afternoon (28 ±2oC and 44 ±5 %) compared to the morning period 

(20 ±1oC and 70 ±5 %). The wind direction was mostly from south-west at the site.  A 

Scanning Mobility Particle Sizer (SMPS Model 3080 and DMA Model 3081, 

condensation particle counter Model 3022A, TSI Inc., St. Paul., MN) was also set up 

concurrently to measure the particle size distribution. The sampling flow rate was 1.5 L 

/min, with a scan up time of 150 s. The minimum and maximum sizes detectable at these 

settings are 7.64 and 225 nm, respectively. The mass concentrations of quasi-ultrafine 

particles in both the morning and afternoon periods were obtained using a parallel 

MOUDI (Micro-Orifice Uniform Deposit Impactor; MSP Corporation, Minneapolis, 

MN) measurement. The mass concentration of quasi-ultrafine particles measured by the 
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MOUDI and the multi-slit impactor has been demonstrated to be in agreement (R2>0.85)  

(Misra et al., 2002).  

 

3.1.2.3 Sample Analysis 

All filter samples, along with field blanks and lab blanks, were extracted in high purity 

deionized water at ambient temperature using a shaking table.  The water extracts were 

analyzed for water soluble organic carbon (WSOC), water soluble ions, and water soluble 

trace elements.  Water soluble ions were analyzed using two Ion Chromatography (IC) 

analyses: 1) analysis for cations; and 2) analysis for anions (Zhang et al., 2008).  Trace 

elements were analyzed from the water extracts using a high resolution Inductively 

Coupled Plasma-Mass Spectroscopy (ICP-MS) as described by Zhang et al., (2008). 

Water soluble organic carbon (WSOC) for all the samples was analyzed using a 

Shimadzu TOC-5000A liquid analyzer (Decesari et al., 2001). A separate section of the 

sample, field blank and lab blank filters was extracted with a solvent mixture of 

methylene chloride and methanol using Soxhelet extraction. The extracts were 

concentrated before gas chromatography/mass spectrometry analysis as described by 

Stone et al., (2008). All chemical analyses were conducted with check standards and 

multipoint calibration curves to assure accurate quantification.  All results were blank 

subtracted using the field blanks processed and analyzed with the samples.  

 

The oxidative activity of the collected particles was quantified by two different assays: 1) 

consumption of dithiothreitol in a cell-free system (DTT assay), and 2) macrophage ROS 
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- in vitro exposure to rat Alveolar Macrophage (AM) cells using Dichlorofluorescin 

Diacetate (DCFH-DA) as the ROS probe. High purity deionized water was used for the 

filter extraction technique for both the DTT and ROS assays.  

 

3.1.3 Results and Discussion 

3.1.3.1 Physical Parameters 

Figure 3.1a shows the hourly average particle number concentration in the size range 

from 7.64 nm to 180 nm, measured by the SMPS during the sampling campaign. As 

shown in the figure, the diurnal profile displays a shoulder in the morning (6:00 to 9:00 

AM) to the distinguishable peak in the afternoon (11:00 AM to 2:00 PM). This represents 

emissions from morning rush hour traffic and secondary photo-chemical reactions 

occurring in the afternoon at the site, respectively (Moore et al., 2007). Average particle 

number concentrations in the afternoon are 1.6±0.1 times those in the morning, 

suggesting secondary particle formation consistent with the observations by Moore et al., 

(2007) at the same site. Figure 3.1b shows the average particle number size distribution 

(dN/dlogDp) measured during the morning and afternoon periods, respectively.  The size 

distributions in both the morning and afternoon are mono-modal; however, the afternoon 

period is distinguished by a smaller peak mode diameter (28.9±1.1 nm) compared to the 

morning period (peak mode diameter = 41.5±1.5 nm). The larger peak mode diameter in 

the morning period may be due to the combined effects of condensation of organic vapors 

co-emitted from traffic sources onto freshly emitted ultrafine PM, which would be result 

of the lower temperatures and atmospheric dilution that prevail during this time period, 
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and possibly to coagulation of highly concentrated nanoparticles. Both of these processes 

will enhance the growth of the particles emitted from vehicular sources compared to the 

relatively freshly formed secondary aerosols in the afternoon period (Zhu et al., 2002).  

Average mass concentrations of quasi-ultrafine particles were also higher in the afternoon 

period (5.7±2.6 μg/m3) compared to 3.8 ±1.7 μg/m3 in the morning period, indicating the 

additional contribution of secondary aerosol formation to the total PM0.18 (particles with 

aerodynamic diameter ≤ 180 nm)  mass.  
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Figure 3.1: a) Diurnal profile of the average particle number concentration of quasi-
ultrafine particles measured at the USC sampling site and (b) the average particle number 
size distribution of quasi-ultrafine particles in “morning” and “afternoon” periods.  
 

Figure 3.1a 

 

 

Figure 3.1b 

 

Afternoon  
Peak Mode Diameter = 28.9 nm 
Total Conc. = 17.2x103 

particles/cm3  

Morning 
Peak Mode Diameter = 
41.5 nm 
Total Conc. = 11.0x103 

particles/cm3 



 

58 
 

3.1.3.2 Chemical Parameters 

Figure 3.2 shows the average mass concentration of major water soluble inorganic ions 

[sulfate (SO4
2-), ammonium (NH4

+), and nitrate (NO3
-)] in quasi-ultrafine particles 

measured at the sampling site in the morning and afternoon periods.  

 
Figure 3.2: Average concentration of the major inorganic ions in quasi-ultrafine particles 
collected in the morning and afternoon periods at the USC sampling site.   
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2.11±0.61 for NH4
+, NO3

- and SO4
2-, respectively. This increase in concentrations in the 

afternoon period may be attributed to the oxidation of precursor gases (e.g. ammonia, 

sulfur dioxide and nitric oxide) by photo-chemical byproducts [e.g., ozone (O3), hydroxyl 

free radical (HO.), hydroperoxyl radical (HO2
.)] followed by nucleation and/or 

condensation onto pre-existing particles (Ning et al., 2007).  Following the approach by 

Zhang et al., (2004a), particle acidity can be expressed as the ratio of sum of measured 

ammonium and sodium concentrations to the concentrations needed to fully neutralize 

the measured sulfate, nitrate and chloride, with a value of unity suggesting the full 

neutralization and a value close to zero suggesting an acidic aerosol. The ratios measured 

during the morning and afternoon periods are 0.93±0.03 and 0.82±0.01, respectively, 

thereby indicating an 11±3 % increase in particle acidity in the afternoon period. This is 

consistent with the previous studies demonstrating higher acidity of the ultrafine particles 

[measured to fully neutralizing ammonium ratio of ~0.80; (Zhang et al., 2004a)] in the 

initial stage of photochemically induced nucleation.  

 

 Table 3.1 shows the comparison of the mass concentrations (average and standard 

deviation) of water-soluble trace elements and metals in the quasi-ultrafine particles in 

the morning and afternoon. A total of twenty elements have been quantified as shown in 

the table. Sulfur (S), Aluminum (Al), Calcium (Ca), Iron (Fe) and Sodium (Na) are the 

dominant species in the ambient atmosphere both in the morning and afternoon periods. 

The concentration of certain metals [Vanadium (V), Chromium (Cr), Nickel (Ni), Copper 

(Cu), Arsenic (As), Cadmium (Cd) and Zinc (Zn)] was higher in the morning period. 
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These heavy metals are known to be emitted from vehicles from both fuel combustion 

and lube oil emissions (Geller et al., 2006). Cu originates from vehicle brake abrasion 

(Garg et al., 2000; Sanders et al., 2003; Sternbeck et al., 2002) and Zn is mostly a product 

of tire attrition (Singh et al., 2002). Elevated levels of these metals in the morning period 

suggest traffic as the primary source of particles during the morning hours at the 

sampling site. Other metals such as Na, Magnesium (Mg), Phosphorus (P), Al, Ca, 

Potassium (K), Titanium (Ti), Manganese (Mn), Fe, Cobalt (Co) and Barium (Ba) 

displayed a different pattern with higher values in the afternoon period. These metals also 

exhibited a high degree of correlation amongst themselves (R>0.70, not shown) and 

probably originate from re-suspension of road dust, which is higher in the afternoon due 

to the higher wind speed (3.5±0.3 m/s compared to 0.9±0.4 m/s in the morning period), 

lower relative humidity (44±5 % compared to 70±5% in the morning period) and 

possibly higher vehicle speeds on the nearby streets and freeways, compared to the 

congested morning traffic hours. Although, the majority of these species are expected to 

be partitioned in the coarse PM (PM10-2.5), there is a significant fraction in the sub-200 

nm range, as demonstrated by earlier investigations in urban areas (Garg et al., 2000).  
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Table 3.1: Average concentrations of water-soluble elements in ambient quasi-ultrafine 
particles measured by ICP-MS at the USC sampling site during morning and afternoon 
periods 
 
 

Metal 

Morning Afternoon Ratio 
(Morning/
Afternoon) 

Average 
Conc., ng/m3 S.D. 

Average 
Conc., ng/m3 S.D. 

Na 57.82 24.98 195.59 47.54 0.30
Mg 17.65 8.16 64.36 6.93 0.27
Al 112.55 42.20 311.37 34.95 0.36
P 3.81 6.00 10.44 3.36 0.36

Ca 110.31 127.09 198.15 50.86 0.56
S 472.53 311.01 578.42 130.74 0.82
K 22.39 17.77 82.59 34.39 0.27
Ti 7.02 3.36 24.43 6.77 0.29
V 5.78 4.72 5.50 1.43 1.05
Cr 1.35 1.24 0.55 0.49 2.46
Mn 2.34 1.30 4.73 1.19 0.49
Fe 106.94 62.39 286.21 78.88 0.37
Co 0.09 0.05 0.18 0.03 0.49
Ni 3.09 2.46 2.12 0.75 1.46
Cu 16.26 18.61 10.75 6.13 1.51
Zn 20.26 13.06 14.87 4.42 1.36
As 0.22 0.13 0.19 0.07 1.15
Cd 0.06 0.04 0.05 0.01 1.21
Ba 3.06 1.68 10.49 0.87 0.29
Pb  3.72 2.83 4.38 1.61 0.85

 

 

Figure 3.3a shows the average mass concentration of quasi-UFP WSOC and CO in the 

morning and afternoon periods. CO is an inert gas species often used as a marker of 

vehicular emissions (Zhu et al., 2002) and atmospheric dilution (Westerdahl et al., 2009), 

while WSOC consists of a variety of polar organic compounds and is regarded as an 

indicator of secondary organic aerosols (SOA) (Docherty et al., 2008). As shown in the 
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figure, the CO concentration decreased by a factor of 2.0±0.1 in the afternoon, as a result 

of a decrease in vehicular emissions coupled with an increase in the mixing height and 

atmospheric dilution in the afternoon period. However, despite the 2-fold increase in 

atmospheric dilution suggested by the CO concentrations, the average concentration of 

WSOC was elevated by 2.5±0.9 times compared to the morning period. We interpret this 

to indicate the formation of SOA driven by the oxygenation of particles with aging in the 

atmosphere during photochemical reactions in the afternoon. 

 

Figure 3.3: Average concentration of the various organic species measured at the USC 
sampling site during the morning and afternoon periods a) Water Soluble Organic Carbon 
and Carbon Monoxide, b) Polycyclic Aromatic Hydrocarbons (PAHs), c) Hopanes and 
Steranes, and d) Alkanes and Organic Acids.   
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Figure 3.3 (Continued) 
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Figure 3.3 (Continued) 

 

 

 

Figure 3.3 also shows the average quasi-UFP mass concentrations of speciated organic 

compounds [PAHs, (Figure 3.3b); hopanes and steranes, (Figure 3.3c); and alkanes and 

organic acids, (Figure 3.3d)] in the morning and afternoon periods. Most of the PAHs, 

hopanes, steranes, and alkanes were higher in the morning period compared to the 

afternoon period, attributed to their origin from vehicular sources (Ning et al., 2007). 

However, morning-to-afternoon ratio for certain species (particularly PAHs and alkanes) 

is relatively higher [up to 3.5±0.9 as for benzo (GHI) perylene], compared to that for CO 

(morning-to-afternoon ratio = 2.0±0.1; Figure 3a). The relatively larger decrease in the 
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concentration of PAHs and alkanes compared to CO in the afternoon indicates their 

possible volatilization and photo-oxidation in addition to dilution. Interestingly, in the 

fine size range (PM2.5), concentrations of these organic species (PAHs and alkanes) were 

higher in the afternoon than the morning period. We hypothesize that volatilization of 

these species from the ultrafine particles in afternoon period and subsequent re-

condensation onto the larger particles might be responsible for this trend (Venkataraman 

et al., 1999).  Similar observations on the partitioning of PAHs between ultrafine and 

accumulation PM modes with increasing ambient temperature have also been made in 

other studies (Miguel and Friedlander, 1978; Pierce and Katz, 1975). 

 

By contrast, concentrations of most of the organic acids were higher in the afternoon 

period (afternoon-to-morning ratio ranges from 1.2 to 3.0). These acids are probably the 

products of photo-chemical oxidation of either organic gases or semi-volatile species 

evaporating from the primary particles (Zhang et al., 2004b).  Food cooking and 

vegetative detritus emissions might be included into other sources of some organic acids, 

but the sampling site is not substantially impacted by these sources, which supports the 

notion that atmospheric chemistry is likely responsible for the increased concentrations of 

these acids in the afternoon. The afternoon-to-morning ratio was higher (up to 3) for high 

carbon number organic acids (C15-C29, e.g., Octadecanoic Acid, Pentadecanoic Acid) 

compared to the low carbon number acids (e.g. Octanoic Acid, Decanoic Acid; ratio 

~1.5), probably due to the higher volatility of organic species associated with decrease in 

carbon number (Ning et al., 2007).  
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3.1.3.3 Oxidative Activity 

The oxidative activity of the quasi-ultrafine particles was measured by two different 

methods as described earlier - the DTT and macrophage ROS assays. Figure 3.4 shows 

the results of the DTT assay for the three samples sets (S1, S2, and S3) and their average 

values in the morning and afternoon periods.  The results have been expressed as mass 

(of PM) based activity (Figure 3.4a) in nmol.min-1.µg-1 and also volume (of air) based 

activity (Figure 3.4b) in nmol.min-1.m-3, respectively. As shown in Figure 3.4a, the mass 

based DTT activity of the quasi-UFP is consistently higher in the afternoon period for all 

of the sample sets with an average afternoon-to-morning ratio of 1.8±0.7. The DTT assay 

measures the capability of particles to generate superoxide radicals (O2
*-) in their 

interaction with the thiol group compounds, which are the main antioxidants present in 

endothelial cells (Foresti et al., 1997). Although this assay is insensitive to hydroxyl free 

radicals (HO.), O2
*- produced in the above reaction can play a role in the generation of 

HO. also, by regenerating the precursors of Fenton’s reaction (e.g. Fe+2 and H2O2) 

(Schoonen et al., 2006). In a recent experimental study, Li et al., (2009) demonstrated 

higher oxidative activity measured by the DTT assay of diesel exhaust particles (DEPs) 

aged with O3 compared to the freshly emitted diesel PM. Our results showing the 

increased DTT activity of the quasi-ultrafine particles in afternoon period are very 

consistent with the work described earlier by Li et al., (2009), and lead to one of the most 

important findings of this study – compounds associated with secondary aerosols 

produced by photochemical processes in the afternoon period possess higher oxidative 
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activity, and thus are more capable of generating free radicals and causing cell damage in 

biological systems. 

 

As shown in Figure 3.4b, the DTT activity per m3 of air is also consistently higher for the 

afternoon samples, with an average afternoon-to-morning ratio of 2.8±1.1 (compared to 

1.8±0.7 for the mass based activity). The difference between the volume based and mass 

based DTT activity may have important implications with respect to the assessment of 

public exposure and the relative PM toxicity. While the mass-based oxidative activity is 

appropriate for comparing the relative PM toxicity from different sources, the volume-

based activities become important in the context of the overall public exposure and the 

associated risks of individual contributions from various sources to ambient PM 

concentrations.  
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Figure 3.4: Oxidative activity (expressed as nmol of DTT/min) of quasi-ultrafine particles 
collected at the USC sampling site during the morning and afternoon periods; a) per µg of 
particulate mass and b) per m3 of volume of air.   
 

Figure 3.4a 

 

 

Figure 3.4b 
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Figure 3.5 shows the results of macrophage ROS assay in the morning and afternoon 

periods, expressed as µg of Zymosan units per mg of PM mass (a), and per m3 of air (b) 

on the collected quasi-UFP. There was significant variation in the ROS activity for the 

three sample sets (S1, S2 and S3) and the afternoon-to-morning ratio averaged over the 

three grouped periods was 1.2±1.1. Although the ROS activity of sample sets, S2 and S3 

was higher in afternoon period, very high activity was observed for the morning period of 

sample set S1. The macrophage ROS assay measures the generation of reactive oxygen 

species by its reaction with DCFH. The ROS probe used in this method is sensitive to a 

broad spectrum of oxidants including HO., hydrogen peroxide (H2O2) and nitric oxides 

(NO.) (Schoonen et al., 2006). The inconsistent trend in ROS activity for the morning and 

afternoon samples indicates that, although secondary organic compounds formed in 

afternoon period may contribute to the formation of HO. in biological cells, the overall 

capability of PM to generate free radicals is also dependent on species emitted from 

primary sources in the morning period. The following section will further elaborate on 

the relationship between the PM chemical constituents and free radicals generation. 
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Figure 3.5: Oxidative activity (expressed as the ROS response, or µg of Zymosan units) 
of quasi-ultrafine particles collected at the USC sampling site during the morning and 
afternoon periods; a) per mg of particulate mass and b) per m3 of volume of air. 
 

Figure 3.5a 

 

 

Figure 3.5b 
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3.1.3.4 Correlation of Oxidative Activity with Chemical Constituents of PM 

The DTT and ROS assays measure the PM oxidative activity based on the generation of 

different reactive oxygen species. The dissimilar diurnal profiles of PM activity obtained 

by these assays indicate different pathways of redox active chemical PM species in 

generating cellular oxidative stress. Linear regression analysis was carried out to 

investigate the association of the DTT and ROS activities with quasi-UFP chemical 

composition. Table 3.2 shows a summary of the regression analysis [i.e. slope, intercept, 

correlation coefficients (R2) and the associated levels of significance (p value)] for select 

species which were correlated (R2>0.60) with either the DTT or ROS rates. 

 

As shown in the table, we observed high correlation between WSOC and the DTT 

activity of quasi-UFP (R2 = 0.82; p = 0.01), despite the rather limited number of data 

points. Previous studies have also documented the positive correlation of DTT activity 

and WSOC content of the PM (Biswas et al., 2009; Hu et al., 2008; Verma et al., 2009).  

This supports our hypothesis that the increased solubility of organic compounds mediated 

by photo-chemical oxidants during secondary organic aerosols formation enhances the 

capability of PM to generate free radicals. 

 

The measured organic compounds were further categorized as per different functional 

groups (PAHs, hopanes and steranes, alkanes, high and low carbon number organic 

acids) to investigate their correlation with oxidative activity. As shown in Table 3.2, DTT 

activity is positively correlated with high carbon number organic acids (C15-C29) (R2 = 
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0.71; slope = 0.01). Many of these organic acids are formed by the photo-oxidation of 

semi-volatile organic species, producing polar oxygenated compounds.  Thus their 

positive correlation with DTT suggests their partial contribution to the association of 

DTT with WSOC discussed earlier.  
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Table 3.2: Summary of the regression analysis [slope, intercept, correlation coefficients 
(R2) and the associated levels of significance (p value)] for select species with DTT and 
ROS levels.  Species included in this table are correlated (R2>0.60, shown bolded) with at 
least one of the assays.  
 

Species 
DTT Activity Macrophage ROS 

R2 p Slope*  Interceptψ R2 p Slope*  Interceptψ

NO3
- 0.68 0.04 0.82 -8.12 0.20 0.37 79.97 4.57 

SO4
-2 0.69 0.04 0.20 0.01 0.08 0.59 11.88 28.79 

NH4
+ 0.62 0.07 0.58 -0.03 0.14 0.47 48.41 18.32 

WSOC 0.82 0.01 0.70 0.00 0.09 0.58 40.11 29.14 
Mg 0.80 0.02 0.01 0.07 0.15 0.44 0.48 27.75 
Al 0.64 0.06 1.00E-03 0.05 0.14 0.47 0.10 25.36 
Ca 0.17 0.41 0.00 0.20 0.84 0.01 0.30 1.45 
S 0.04 0.72 0.00 0.24 0.91 0.01 0.14 -25.79 
K 0.71 0.04 3.00E-03 0.12 0.22 0.35 0.37 28.11 
Ti 0.79 0.02 0.02 0.08 0.15 0.44 1.18 28.72 
V 0.01 0.84 -0.01 0.35 0.91 0.00 9.83 -8.16 
Fe 0.69 0.04 1.00E-03 0.07 0.28 0.28 0.15 18.76 
Ni 0.13 0.49 -0.04 0.42 0.73 0.03 16.12 5.38 
As 0.01 0.85 -0.20 0.36 0.66 0.05 281.00 -10.08 
Cd 0.08 0.60 -1.82 0.42 0.77 0.02 1024.00 -9.31 
Ba 0.75 0.03 0.04 0.07 0.19 0.38 3.35 24.64 

PAHs 0.68 0.04 -0.33 0.59 0.02 0.79 11.02 38.33 
Organic 
Acids     
(C15-
C29) 0.71 0.15 0.01 0.07 0.07 0.74 0.45 44.02 

 
Note: Sample size for the regression analysis is N = 6. 
*expressed as oxidative activity (nmol/min for DTT and µg Zymosan units for ROS) per 
µg or ng of species (µg for inorganic ions and WSOC; ng for metals, PAHs and organic 
acids).  
Ψ expressed as nmol/min/m3 for DTT and µg of Zymosan units/m3 for macrophage ROS 
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In the present study, the DTT activity of the ultrafine particles is observed to be 

negatively correlated with measured PAHs (R2 = 0.68, slope = -0.33) as shown in Table 

3.2. This is in contrast to previous studies showing rather modest to strong positive 

associations between DTT activity and PAHs (Cho et al., 2005; Ntziachristos et al., 

2007). Although PAHs themselves do not contain the functional groups capable of 

catalyzing the oxidation of DTT, their possible photo-oxidation during photochemical 

episodes in the afternoon period may convert them to oxy-PAHs, quinones and nitro-

PAHs, which are all active in DTT assay (Cho et al., 2005). However, we did not 

quantify these oxygenated products in the present study. Nevertheless, the negative 

correlation of the measured PAHs with DTT activity may be explained by their lowered 

concentrations in the afternoon due to possible volatilization.  It is important to note that 

this volatilization may be followed by photo-oxidation to form oxygenated PAHs, which 

contribute to the increase of DTT activity in the afternoon. The difference in the sampling 

protocols between our study and previous studies (Cho et al., 2005; Ntziachristos et al., 

2007) might explain the contrasting correlations. In the present study, the sampling 

protocol was intentionally designed to distinguish the impacts of primary and secondary 

sources on PM toxicity. This differs from the uninterrupted time integrated sampling of 

previous studies, ranging from several hours to several days, without discriminating the 

morning and afternoon periods, which would obscure the impact of PAHs chemical 

transformation on redox properties of PM. Thus, the positive correlation in those studies 

may be attributed to the confounding relationship between PAHs and oxygenated PAHs. 

Moreover we did not observe any significant associations between DTT activity and the 
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concentrations of hopanes, steranes and alkanes, which again suggests that organic 

compounds present in relatively fresh traffic PM emissions are not as redox active as 

their aged photo-oxidized products. 

 

Inorganic ions such as nitrate (NO3
-), sulfate (SO4

-2) and ammonium (NH4
+) and certain 

water soluble trace elements (Mg, Al, K, Ti, Fe and Ba) are also correlated with DTT 

activity as shown in Table 3.2, although none of these species is mechanistically active in 

this assay (Cho et al., 2005). These inorganic species were correlated with WSOC 

(R>0.75), suggesting their co-linearity with the redox active water soluble organic 

compounds, rather than actual contribution to DTT activity.  

 

Table 3.2 shows that ROS measured PM activity is correlated (R2>0.65; p<0.05) with 

certain water soluble elements such as V, Ni, Cd (transition metals) and As. V and Ni are 

the metals which participate in Fenton chemistry and are capable of generating hydroxyl 

radicals once coming in contact with the biological cells (Schoonen et al., 2006). These 

hydroxyl radicals can effectively oxidize the DCFH probe used in the ROS assay. The 

ROS activity was significantly correlated with V concentrations (R2=0.91; p=0.01), and 

also Ni (R2=0.73, p=0.03). Both of these species are mostly emitted from bunker fuel 

(heavy fuel oil) combustion, although V is emitted at a proportionally higher rate  

(Arhami et al., 2009). Hu et al., (2008) also observed an association between V and ROS 

activity in a comparison of the oxidative activity profiles of PM in the Los Angeles-Long 

Beach Harbor area and attributed this association to the influence of ship emissions on 
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ambient PM. The significant correlation of V with the ROS activity measured in this 

study, in agreement with previous studies (Hu et al., 2008; Verma et al., 2009), is of 

particular note because it confirms the impact of heavy fuel oil combustion on particle 

oxidative activity. The remaining correlated metals (Cd and As) are associated with 

primary sources such as vehicular exhaust (Arhami et al., 2009; Thomaidis et al., 2003), 

and are unaffected by the secondary photo-chemical reactions occurring in afternoon.  

 

We did not observe any significant correlation between WSOC and ROS activity 

(R2=0.09; p=0.58), in contrast to the case of DTT activity. It indicates that despite the 

possible contribution of secondary organic compounds on HO. production, the cellular 

generation of oxidants (and thus ROS activity) is predominantly limited by the transition 

metals, which are the active participants in the ROS assay and are mostly emitted from 

primary sources. Consequently, the relative fractions of metals and WSOC in PM 

determine the net change of ROS activity of particles attributable to primary and 

secondary sources and probably explain its inconsistent trend in the morning and 

afternoon period, as mentioned in previous section. 

 

There are no studies in recent literature to document the oxidative activity of species such 

as Ca and S, which are also significantly correlated with the ROS assay results, as shown 

in the Table 3.2. Their correlation with ROS activity is probably due to their correlation 

with redox active transition metals. 
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3.1.4 Conclusions 

The ROS measured activity of PM is mostly driven by transition metals and possibly 

amplified by WSOC, its overall value depends on the relative PM mass properties of both 

groups of species in the morning and afternoon periods. On the other hand, the DTT 

activity, determined primarily by WSOC, clearly increases in the afternoon period. 

Although primary particles have the capability of generating free radicals in cells, their 

photo-oxidation products - secondary particles appear to be more potent in terms of 

generating oxidative stress, which underscores the importance of chemical 

transformations of primary emissions with atmospheric aging on the overall PM toxicity 

and associated health risks.  
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3.2 Oxidative Activity Profiles of Ambient Particulate Matter Influenced by 
Woodsmoke Emissions from Wildfires 
 
 
3.2.1 Introduction  

The semi-arid Mediterranean climate of Southern California, characterized by dry and hot 

autumns and unusually fast (>85mph) Santa Ana winds, contributes to the occurrence of 

wildfires in the region, often during the fall period. Ambient levels of air pollutants 

including carbon monoxide (CO), nitrogen oxides (NOx), volatile organic compounds 

(VOCs) and particulate matter (PM) increase in the affected areas during these events 

(Artaxo et al., 1994; Phuleria et al., 2005). Wood smoke generated from wildfires 

contains a large number of organic/inorganic chemicals such as aldehydes, carboxylic 

acids, polycyclic aromatic hydrocarbons (PAHs), resin acids, potassium, and magnesium. 

Many of these chemicals (e.g. PAHs and aldehydes) are toxic and potential human 

carcinogens (Naeher et al., 2007), while some of these species (e.g. potassium and 

levoglucosan) are often used as tracers for the presence of wood smoke in the ambient air 

(Schauer et al., 2001; Simoneit et al., 1999). Several in-vivo studies on laboratory 

animals found a positive correlation between wood smoke exposure and adverse health 

effects, such as pulmonary lung cell injury (Thorning et al., 1982), tracheal erosion and 

oxidative stress (Dubick et al., 2002), and allergic airway inflammation (Barrett et al., 

2006).  

 

On October 20, 2007, a series of wildfires began in Southern California, ranging from 

Santa Barbara County to the U.S.–Mexico border, which burned more than 500,000 acres 
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of land causing the largest mandatory evacuation in the state's history. The counties of 

San Diego and Los Angeles alone accounted for 91.5% of the total burnt area. Although 

the last fire was fully contained by November 9, all of the fires in the Los Angeles 

County were under control by October 30, 2007. 

 

This paper presents measurements of various particulate and gaseous pollutants at a site 

near the University of Southern California (USC), in downtown Los Angeles, during the 

October 2007 fire event. Detailed chemical and toxicological characteristics of PM 

samples collected during the fire episode, including water-soluble organic carbon, 

inorganic elements, organic compounds and reactive oxygen species, were evaluated and 

compared to those after the fire event, when outdoor PM2.5 levels were mostly impacted 

by traffic emissions. One of our main goals was to determine the oxidative activity 

profiles of PM during these two periods and correlate them with source-specific PM 

constituents, in order to evaluate the potential contributions of the two major PM sources 

during this campaign (wildfires and vehicular traffic) to the overall PM oxidative 

properties.   

 

3.2.2 Experimental Methods 

3.2.2.1 Sampling Location 

 Sampling was conducted at the University Park Campus of USC, 2.5 km south of 

downtown Los Angeles. Further details about the sampling site are provided in section 

3.1. Gaseous pollutant data were taken from SCAQMD (South Coast Air Quality 
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Management District) measurements at North Main Street (Los Angeles), about 2 km 

northeast from the site.  

 

3.2.2.2 Sampling Protocol 

Integrated PM2.5 samples were collected using a high volume sampler (HIQ 

Environmental Products Co., CA; flow rate = 450 l/min) (Misra et al., 2002) on five 

different days (October 24, October 25, October 27, November 1, November 14). 

Particles were collected using Teflon coated glass fiber filters (Pallflex, Fiberfilm 

T60A20 – 8x10 IN, Pall Corp., East Hills, NY) seated in a specially designed 20x25 cm 

high-volume filter holder. Since the Los Angeles wildfires started on October 20 and 

continued until October 30, samples collected from October 24 to October 28 represent 

conditions impacted by both vehicular traffic and wildfire emissions, while the November 

1 and 14 samples were considered representative of typical ambient conditions in that 

area, affected mostly by vehicular traffic emissions. 

 

A Scanning Mobility Particle Sizer (SMPS Model 3080 and DMA Model 3081, TSI Inc., 

St. Paul., MN) was set up concurrently to measure the particle size distribution. The 

aerosol sampling flow rate was 0.3 L /min, with a scan up time of 255 s. The minimum 

and maximum sizes detectable at these settings are 14.1 and 736.5 nm, respectively.  
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3.2.2.3 Sample Analysis 

 All Teflon coated glass fiber filter samples were extracted in water and then analyzed for 

trace elements by Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) (Lough et 

al., 2005) and water soluble organic carbon (WSOC) using a Shimadzu TOC-5000A 

liquid analyzer (Decesari et al., 2001). For quantification of the organic compounds 

present in the particulate phase during and after the fire event, 3 during-fire samples and 

2 post-fire samples were composited, respectively, and analyzed by gas 

chromatography/mass spectrometry (GC/MS). The oxidative activity of the collected 

particles was assessed by two different assays: 1) macrophage ROS - in vitro exposure to 

rat Alveolar Macrophage (AM) cells using Dichlorofluorescin Diacetate (DCFH-DA) as 

the fluorescent probe (Landreman et al., 2008) and 2) consumption of Dithiothreitol 

(DTT) in a cell-free system (DTT assay) (Cho et al., 2005). 

 

3.2.3 Results and Discussion 

3.2.3.1 Particulate Matter Characteristics 

Figure 3.6 shows the evolution of the particle number size distribution from days during 

wildfires (October 24-25, 26-27, and 27-28) to the post-fire period (November 01-02 and 

14-15). All scans were taken from 04:30 pm until 10:30 am of the following day to 

capture the effects of evening and morning traffic rush hours, which clearly caused an 

increase in particle number concentration between 07:00 and 11:00 pm, and from 06:00 

to 10:00 am. Scans collected between October 24 and 28 are characterized by a higher 

number of larger particles (mobility diameter ≥ 100 nm). The mode diameter was 
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generally higher for most of the sampling time on days during fire (around 70-110 nm) 

than that recorded on November 01-02 and 14-15 (peak value at 60 nm). Similar results 

were observed during the 2003 wildfire event in Southern California (Phuleria et al., 

2005), and previous studies also indicated that the particle number size distribution of 

freshly emitted wood-smoke is unimodal, with average mode diameter around 100 nm 

(Hays et al., 2002). In addition, the particle number concentration increased during the 

fire event by an approximate factor of 2 (Figure 3.7) and, although it was also notably 

high on November 14-15, the mode diameter remained below 60 nm, which is typical of 

particles emitted mainly from vehicular sources in Los Angeles (Kuhn et al., 2005). 
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Figure 3.6: Evolution of the particle number size distribution from days characterized by 
wildfire emissions (October 24-25, 26-27, and 27-28) to periods not directly affected by 
fire (November 01-02, 14-15). Data were collected using a Scanning Mobility Particle 
Sizer (SMPS, Classifier Model 3080 and DMA Model 3081, TSI Inc., St. Paul., MN) 
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Figure 3.7: 24-hr averaged concentration of NO, NO2, CO and O3 at North Main Street 
(Los Angeles) and Particle Number Concentration at the USC (also 24-hr average) 
before, during and after the fire period. 
 

 

 
 

3.2.3.2 Gaseous Pollutants 

Figure 3.7 presents 24-hr average concentrations of CO, nitrogen oxide (NO), nitrogen 

dioxide (NO2), and Ozone (O3) in downtown Los Angeles for pre-, during- and post-fire 

periods. While the concentrations of both CO and NO increased almost 3-fold during the 

fire event, the O3 and NO2 levels were marginally affected by wildfire emissions. 

Phuleria et al. (2005) observed a similar trend for these gases during the October 2003 
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Southern California wildfire. Reduced photochemical activity due to the smoke blanket 

over the region might explain these trends in O3 and NO2. 

 

3.2.3.3 Water Soluble Trace Elements 

Table 3.3 shows a comparison of the average fractional concentration (expressed in µg/g 

of PM) of water-soluble elements in ambient particles measured at the USC site during 

and after the fire event. Ambient levels of these trace elements from a previous study 

conducted few months before at the same location are also provided (Arhami et al., 

2009). It should be noted that the average meteorological conditions during that study 

were very similar to our post-fire period (temperature ranged from 59 to 63oF, and 

relative humidity was between 60 and 71%). The fractional concentrations of certain 

elements increased by a factor of 2 or more between October 24 and 28. The results of 

one-sample t-test revealed a statistical difference (at the 95% confidence interval, or CI) 

between the mean fractional concentrations of Mg, P, K and Mn observed during and 

after the fire event. When a CI of 90% was considered, statistical difference was also 

observed for Co, Ti, and other less abundant elements (e.g. Ga,Sr, Ru and others, not 

shown). Potassium, often used as a signature species for biomass combustion and a tracer 

of forest fires (Artaxo et al., 1994), was one of the elements whose levels were 

consistently elevated during the fire episode. Interestingly, the fractional concentration of 

K, even after the fire event, was higher (5447 µg/g) than its typical level (2245 µg/g) at 

the site, which indicates a likely persistence of residual wood smoke even after the fire 

was ceased. This may be particularly true for the November 1 sample, whose PM mass 
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may contain a considerable fraction of residual wood smoke constituents, including re-

suspended smoke-related particles from the paved roads. 

  

Table 3.3 Average fractional concentration of water soluble elements (ICP-MS) in 
ambient particles collected at the USC site during (October 24, 26 and 27, 2007) and after 
(November 1 and 14, 2007) the fire event. Ratios between during- and post-fire 
concentrations are also reported. Statistically significant levels and ratios (at p=0.10) are 
shown in bold letters. 
 

Element 

During Fire Post Fire Elevation 
Ratio 

(during 
fire / post 

fire) 

Typical ambient 
levels at the sampling 
site (µg/g of PM)  

Average 
Value,     

µg/g of PM 
S.D. 

Average 
Value,     

µg/g of PM 
S.D. 

Average 
Value,     
µg/g of 

PM 

S.D. 

Ti 7.11 0.94 2.13 1.11 3.34 2.89 0.65 
Cu 631.73 546.24 236.10 80.42 2.68 275.23 47.44 
Mn 334.75 134.77 153.49 69.72 2.18 102.52 2.00 
Cd 4.00 2.58 1.85 0.71 2.16 3.89 1.45 
Mg 5860.12 1328.00 2857.33 1422.36 2.05 2672.45 982.73 
P 954.06 470.36 476.40 320.41 2.00 178.81 0.18 
Al 577.21 464.83 298.70 414.18 1.93 256.40 24.53 
K 9887.85 2102.38 5446.63 2594.56 1.82 2244.88 77.58 
Zn 1513.01 1101.37 845.08 462.17 1.79 540.77 69.90 
Na 28411.30 18607.50 16205.20 1421.05 1.75 14298.66 2762.341 
Co 3.50 0.56 2.23 0.07 1.57 2.42 0.23 
Ca 33829.90 20785.60 26472.00 27208.10 1.28 3228.07 1981.39 
Fe 639.61 360.28 524.81 713.10 1.22 590.49 34.45 
Cr 7.90 0.42 6.92 0.46 1.14 4.24 2.76 
Ni 29.89 17.40 28.04 5.37 1.07 35.48 9.09 
Pb 13.81 11.54 13.10 16.16 1.05 21.04 5.24 
Ba 968.64 499.50 944.71 1199.34 1.03 404.67 152.45 
S 23087.70 9865.16 28102.50 9808.47 0.82 20158.39 4923.36 
V 57.08 36.38 77.50 15.20 0.74 105.54 5.86 
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Several studies have reported increased concentrations of K, P, Cl, Zn, Br, Si, Ca 

(Echalar et al., 1995) and S (Artaxo et al., 1994) in ambient air affected by biomass 

combustion or wildfires. These particle-bound elements traversed the Los Angeles basin 

due to the prevailing westerly wind direction. An analysis of size-segregated biomass 

burning samples showed that most of these elements dominate the fine PM mode 

(aerodynamic diameter less than 2.5 µm), which can be transported by winds over 

hundreds of kilometers (Artaxo et al., 1994). By contrast, the concentrations of other 

elements (e.g. V, Fe, Ni, Cu, Zn, Ba, Pb) that typically originate from vehicular emissions 

(Ning et al., 2007) or other combustion sources (residual fuel oil combustion; (Arhami et 

al., 2009)) and road dust (Wang et al., 2005) were similar between samples collected 

during and after the fire period.  

 

3.2.3.4 Water Soluble Organic Carbon (WSOC) 

The WSOC content of ambient particles was higher during the fire event (170 ± 80 

μg/mg of PM) compared to the post-fire period (78±35 μg/mg). A one-sample t-test 

confirmed a statistically significant difference (95% CI) between the mean WSOC levels 

observed during and after the fire event. Similar increases in the WSOC concentration 

were observed by Saarikoski et al. (2007) in ambient particles collected in Helsinki 

during a major biomass-burning episode in April-May 2006. Wood smoke is rich in 

organic compounds {56 to 90% by mass, depending on the wood type and combustion 

conditions (Schauer et al., 2001)}, the majority of which (up to 99%) is oxygenated in the 

atmosphere and becomes water-soluble (Novakov and Corrigan, 1996).  
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These studies (including our own) confirm that biomass burning is an important source of 

water-soluble organic compounds in ambient aerosols. This is of particular note in the 

context of global climate change, as WSOC plays an important role in the formation of 

cloud condensation nuclei by modifying the hygroscopicity of atmospheric aerosols 

(Cruz and Pandis, 1998).  

 

3.2.3.5 Organic Constituents  

Figure 3.8 presents the fractional concentrations of the speciated organic compounds in 

ambient particles collected at USC (expressed as µg/g of PM), during and after the fire 

period, and also from a previous study conducted at the same site few months before 

(Arhami et al., 2009). 

 

The concentration of levoglucosan increased by 2-fold during the fire episode compared 

with the post-fire period (Figure 3.8a). However, post-fire levels of levoglucosan were 

also significantly higher than those typically present at that site. This may be due to the 

fact that levoglucosan is an extremely stable compound emitted in large quantities from 

the pyrolysis of wood cellulose (Jordan et al., 2006), and has a long residence time in the 

atmosphere. It is also possible that re-suspended smoke-related particles contribute to the 

elevated levels of levoglucosan in the post fire samples.  

 

The concentrations of most PAHs were not affected by the fire episode, with the 

exception of retene, which was elevated during the fire event (6.68 µg/g) but was not 
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detected in the post-fire period (Figure 3.8b). Retene is known to be present in wood 

smoke in relatively higher amounts compared to other PAHs and is commonly used as an 

indicator of softwood burning (Villalobos-Pietrini et al., 2006).  

 
Figure 3.8: Fractional concentration of the organic constituents in PM samples (expressed 
in µg/g of PM) collected at the USC site, during and after the fire events: a) 
Levoglucosan, b) Polycyclic Aromatic Hydrocarbons (PAHs), c) n-Alkanes and Fatty 
acids 
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Figure 3.8 (Continued) 

 

 

 

Figure 3.8c shows an increase in some of the n-alkanes concentrations measured in PM 

samples collected from October 24 to 28. Although this increase was not substantial (up 

to a factor of 1.4) compared with the corresponding post-fire levels, it was quite marked 
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(up to a factor of 3.5) with respect to the typical levels reported by Arhami et al., (2009) 

at the same site. Fatty acids were present in significant amounts in the “during-fire” 

samples, and were not quantifiable in samples collected on November 01 and November 

14 (Figure 3.8c). Arhami et al., (2009) also showed negligible concentrations of fatty 

acids present in the ambient air at the same site under similar metrological conditions. 

These hydrocarbons (n-alkanes and fatty acids) are generally emitted by the volatilization 

of plant waxes from the leaf surface at high temperatures, or from fossil fuel combustion 

(Yan, 2007). 

 

3.2.3.6 PM Oxidative Activity  

Figure 3.9a shows the results of the DTT assay conducted on samples collected during 

and after the fire event. The outcomes were reported both as nmol of DTT consumption 

per µg of PM (nmol DTT / min × µg), as well as per m3 of air (nmol DTT / min ×m3). 

Particles collected between October 24 and 28 produced higher DTT activities per unit of 

PM mass than those collected on November 01 and 14. DTT activity was the highest on 

October 24 (0.024 nmol DTT / min × µg) and decreased gradually with time to 0.005 

nmol DTT / min × µg on November 14. Data by Li et al., (2003) previously obtained at 

the same site in the absence of wildfire emissions and under similar meteorological 

conditions (average temperature 55 ± 4oF, relative humidity 61 ± 12 %) is also shown in 

Figure 3.9 for comparison.  Although the DTT activity may vary depending upon a 

number of factors that influence the PM chemical composition (such as season and traffic 

intensity), the levels reached at the peak of the fire event on October 24 are remarkably 
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higher than those observed in previous studies at the same site (Cho et al., 2005; Li et al., 

2003; Ntziachristos et al., 2007).  

 
Figure 3.9: Oxidative activity of PM samples collected at the USC site during and after 
the fire period a) expressed as nmol of DTT consumption /min, b) expressed as the ROS 
response, or µg of Zymosan units  
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DTT expressed in units of nmol DTT / min × m3 of air is also important in the context of 

population exposure to ambient PM. This parameter (DTT activity per m3 of air) peaked 

on October 26 (0.80 nmol DTT / min × m3) because of a very high PM2.5 concentration 

(58.85 μg/m3; not shown) coupled with an elevated per-mass DTT activity (0.014 nmol 

DTT / min × μg). Although on November 1, the per-mass activity was quite low (0.009 

nmol DTT / min × μg), the high PM2.5 concentration (63.47 µg/m3; not shown) led to a 

substantial increase in DTT activity per m3 of air (0.60 nmol DTT / min × m3). The lower 

temperature and higher relative humidity on November 1 (the 24-hr average values were 

60oF and 80%, respectively, compared to 78oF and 31% on October 24) might have 

resulted into limited atmospheric mixing and, thus, higher PM2.5 concentration. The DTT 

activity per m3 of air during the fire event was consistently higher (average, 0.62±0.21 

nmol/min x m3) compared to that reported by Li et al., (2003) (0.27 nmol/min x m3. This 

discussion illustrates an important point about the relative oxidative activity of PM 

emitted from various sources; comparable activity on a per-PM mass basis may not 

necessarily translate into an equivalent public risk if the overall exposure varies due to 

changes in total PM concentration. 

 

Figure 3.9b shows the results of the macrophage ROS assays on particles collected during 

and after the fire period. In contrast to DTT, the highest ROS activity was observed for 

the November 1 sample, both on per-mass and on per-volume of air basis. Although the 

per-mass activity was relatively high on October 26, the lower values obtained on 

October 24 and 27 make it difficult to associate the overall results with the occurrence of 
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wildfires. It should be noted that the DTT and macrophage ROS assays are probably 

influenced by different PM species. While the former reflects the oxidative potential of a 

number of polar (water soluble) organic compounds, such as oxygenated PAH, quinones, 

and nitro-PAHs (Cho et al., 2005), the latter is mostly influenced by water soluble 

transition metals, such as Fe, Cu, Cr, Ni, and Co (Arredouani et al., 2005). Transition 

metals, which generate hydroxyl radicals through Fenton chemistry, are not active in the 

DTT assay. Even PAHs have to be oxidized to water soluble compounds, such as 

quinones and oxy-PAH before becoming redox active (Ntziachristos et al., 2007) in the 

DTT assay. 

 

Based on the above discussion, we attempted a correlation of PM oxidative activity with 

particle constituents such as WSOC and water-soluble elements. We performed a 

qualitative analysis of the impact of fire emissions on those components that seem to 

affect the oxidative activity of the collected samples. Table 3.4 shows the coefficients of 

statistical determination (R2) and the associated levels of significance (p values) for the 

correlation of different selected PM species with DTT and ROS. The analysis showed a 

significant association between DTT and WSOC (R2 = 0.65, p= 0.102), confirming 

previous results by Cho et al. (2005), where DTT was well correlated with the organic 

carbon content of PM (R2 = 0.53). Although our statistical analysis included only the 

water-soluble fraction of organic carbon, the majority of organic compounds in wood 

smoke are oxygenated and polar. The possible oxidation of PAHs during long distance 

transport might also enhance their solubility in water. Table 3.4 also illustrates that some 
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of the measured elements (e.g. Ti, Mn, K, Mg and Co) are well-correlated with DTT. 

However, most of these species (in particular Mg, K and Mn) were strongly associated 

with WSOC, which implies that their relationship with DTT may not reflect their 

oxidative potential, but rather their common origin with water soluble organic 

compounds. Similarly, Ntziachristos et al. (2007) attributed the high correlation between  

DTT and several transition metals (e.g. Mn, Cu, Fe and Zn) to their common source with 

PAHs (i.e., vehicular emissions). 
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Table 3.4 Coefficients of statistical determination (R2) and associated levels of 
significance (p-value) for the correlations between selected water soluble PM constituents 
and oxidative activities (as measured by the DTT and ROS assays) for PM samples 
collected during and after the fire period. Statistically significant correlations (R2≥0.60; 
p≤0.10) are shown in bold. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

 

 

 

 

 

Conversely, we observed strong associations between macrophage ROS and most of the 

water soluble transition metals (Cr, V, Fe, Ni, Pb,) (Table 3.4), consistent with earlier 

studies (Arredouani et al., 2005; Ciapetti et al., 1998) showing the capability of these 

trace elements to induce oxidative stress in cells through the formation of ROS. The 

correlation between the ROS assay and elements that are not redox active (e.g., Al, Ba 

Chemical 
Constituents 

Correlation with DTT Correlation with ROS 
R2 p value R2 p value 

WSOC 0.65 0.10 0.00 0.96 
Ti 0.85 0.03 0.24 0.40 
Mn 0.75 0.06 0.01 0.85 
K 0.73 0.06 0.08 0.61 
Mg 0.71 0.07 0.03 0.75 
Co 0.71 0.08 0.56 0.14 
Cr 0.61 0.12 0.84 0.03 
P 0.56 0.15 0.01 0.90 
Al 0.43 0.23 0.71 0.07 
Ba 0.43 0.77 0.95 0.04 
Pb 0.40 0.25 0.94 0.00 
Fe 0.39 0.26 0.96 0.00 
Cd 0.39 0.26 0.42 0.23 
Ni 0.36 0.28 0.80 0.04 
Zn 0.31 0.32 0.54 0.15 
Na 0.29 0.36 0.33 0.31 
V 0.25 0.39 0.79 0.04 
S 0.22 0.42 0.93 0.08 
Ca 0.15 0.49 0.21 0.47 
Cu 0.08 0.65 0.04 0.75 
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and S) is probably due to their common origin with transition metals. However, no 

consistent increase in ROS activity was observed for any of these species during the fire 

episode.  

 

3.2.4 Conclusions 

The opportunistic nature of this study constrained our sampling and data collection to a 

small number of measurement days, which is one of our major limitations. Although 

results from DTT and ROS assays may not provide definitive answers on the relative 

health risks associated with PM emitted from motor-vehicles and wildfires (the two main 

PM sources during the fire episode), the study presents an effective approach to link the 

chemical composition of ambient PM with their toxicity response and thus to infer their 

distinct sources. While both assays revealed considerable oxidative activity of PM from 

traffic sources, which are ubiquitous in the Los Angeles area, the DTT assay showed 

additional increase in oxidative activity due to the contribution of the wildfires.  
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Chapter 4: Contribution of Semi-Volatile Organic Compounds 
and Non-Volatile Transition Metals in the PM Oxidative 

Activity 
 
 

This chapter is divided in two sections: section 4.1- evaluating the contribution of semi-

volatile organic compounds in the oxidative activity (measured by DTT assay) of ambient 

particles; and section 4.2 - quantifying the role of transition metals in the ROS activity 

(measured by macrophage ROS assay) of diesel exhaust particles. The major findings of 

both studies have been summarized in the respective sections.  

 

4.1 Contribution of Semi-Volatile Organic Compounds in the Oxidative (DTT) 
Activity of Ambient Particles 
 
 
4.1.1 Introduction 

Atmospheric PM is a complex mixture of semi-volatile and non-volatile  species 

(Seinfeld and Pandis, 2006). Semi-volatile organic compounds (SVOC) exist 

simultaneously in the gas and particle phases at equilibrium; partitioning between the two 

phases depends upon their vapor pressure, which is a function of temperature. Since 

chemical reactions are generally faster in gaseous phase, the oxidation of SVOC vapors 

yields secondary organic aerosols (SOA), shifting them again into particulate phase 

(Robinson et al., 2007). Thus, the cycling of SVOC between gas and particle phase 

ultimately leads to a net increase in the oxygenated organic aerosols (Miracolo et al., 

2010) with modified chemical and likely, toxicological, characteristics.  Certain SVOC, 

such as polycyclic aromatic hydrocarbons (PAHs) and their derivatives, are known to be 
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genotoxic and carcinogenic (EPA, 2002). In Chapter 2, we have shown that the semi-

volatile fraction of diesel exhaust particles (DEPs), evaluated in chassis dynamometer 

facilities, is highly redox-active and constitutes a dominant fraction (up to almost 100 % 

in few vehicles emissions) of the PM oxidative potential. However, freshly emitted PM in 

the low dilution environment of the dynamometer facilities, in which most of the SVOC 

are bound to the particle phase, is not directly comparable with the ambient PM. In an 

ambient urban environment, various atmospheric processes, including dilution and photo-

chemical reactions significantly alter the physicochemical and oxidative characteristics of 

semi-volatile compounds. An improved understanding of these characteristics and the 

overall contribution of semi-volatile compounds to the atmospheric aerosol toxicity is 

essential in elucidating the health risks related to PM exposure.  

 

The core objective of this study is to evaluate the contribution of semi-volatile PM 

constituents in the oxidative potential of ambient quasi-ultrafine particles. A 

thermodenuder (TD) was used in three temperature configurations - 50, 100 and 200 oC 

to shift the gas-particle partitioning of semi-volatile components of ambient aerosols 

sampled at an urban site. The oxidative potential of collected particles is measured by the 

DTT (dithiothreitol) assay. Detailed chemical analyses of the collected particles, 

including organic and elemental carbon, water soluble elements, inorganic ions and 

PAHs, are conducted to quantify the volatility profiles of different PM components, and 

also to investigate their effect on oxidative potential. 
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4.1.2 Experimental Methods 

4.1.2.1 Sampling Location 

The sampling for this study was conducted at the Particle Instrumentation Unit (PIU) of 

Southern California Particle Center (SCPC) near downtown Los Angeles. Meteorological 

conditions at the site were mostly consistent during the sampling campaign, with 24-hour 

average temperature values of 19 ± 2 oC and relative humidity of 66 ± 7 %. Additional 

information including the results of earlier PM investigations at the sampling site have 

been previously reported (Chapter 3). 

 

4.1.2.2 Sampling Protocol 

Sampling was conducted in the fall of 2009, over a period of 6 consecutive weeks 

(excluding weekends), for 5-6 hrs each day. Figure 4.1 shows the schematic of the 

experimental setup used. The thermodenuder was operated at three different 

temperatures, i.e. 50, 100 and 200 oC, and both ambient and denuded particles were 

collected for each temperature configuration. Thus, three sets of integrated samples, 

corresponding to the three TD temperature configurations (50, 100 and 200 oC), each 

consisting of two samples – ambient and thermodenuded, were collected in succession. 

The sampling duration of each set of samples varied from 50-80 hrs and was primarily 

determined by the sufficient mass loading on each filter (~ 600 µg) required to conduct 

chemical and toxicological analyses. All samples were stored in a freezer at -20 oC 

between sampling intervals. A low pressure drop impactor (Misra et al., 2002) was used 

to select the quasi-ultrafine particles (Dp ≤180 nm in the present study). Particles were 
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concentrated using the versatile aerosol concentration enrichment system (VACES) to 

enhance the rate of mass collection. Detailed laboratory and field characterization of the 

VACES are described elsewhere (Khlystov et al., 2005; Kim et al., 2000; Kim et al., 

2001a; Kim et al., 2001b; Ning et al., 2006; Zhao et al., 2005), demonstrating its 

capability to preserve aerosol chemical composition (including semi-volatile species) in 

both the fine (Khlystov et al., 2005; Kim et al., 2001b; Ning et al., 2006) and the ultrafine 

(Kim et al., 2000; Kim et al., 2001b; Zhao et al., 2005) PM  modes during the 

concentration enrichment process. In brief, aerosol enrichment is achieved by growing 

the ambient particles (to 2-3 µm droplets) through a saturation–condensation system and 

their subsequent concentration by virtual impaction. A diffusion dryer system desiccates 

the aerosol stream exiting the virtual impactor to relative humidity <50 %. Concentrated 

particles after VACES were segregated into two airstreams: one stream was fed into the 

thermodenuder (described below) and the denuded stream was further split for separate 

collection of particles onto 37 mm quartz (Whatman, QMA, 3.7 cm, 1851-037) and 

Teflon (PALL Life Sciences, PTFE membrane, 2.0 um, R2PJO37) filters; particles from 

the stream by-passing the thermodenuder (representing the ambient PM) were similarly 

collected onto Teflon and quartz filters. The particle size distributions of ambient and 

denuded aerosols were concurrently measured using two Scanning Mobility Particle 

Sizers (SMPS Model 3080 and DMA Model 3081, condensation particle counter Model 

3022A, TSI Inc., St. Paul., MN) set up at inlet and exit of the thermodenuder, throughout 

the sampling period. The particle size range detectable by SMPS is 14.6-685.4 nm at an 

aerosol flow rate of 0.3 lpm and with a scan time of 300 s. Within the context of this 
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study, ultrafine particles <50 nm in diameter are designated as the ‘‘nucleation’’ mode, 

whereas those in the 50–180 nm range are called the ‘‘Aitken’’ mode (Hinds, 1999). This 

terminology helps to a better description of the size-segregated particle losses described 

later in the chapter. 

 

Figure 4.1: Experimental setup  
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The thermodenuder (TD; Model ELA-230, Dekati Ltd. Osuusmyllynkatu 13, FIN-33700 

Tampere, Finland) consists of a heating section, followed by an adsorption tube, which is 

actively cooled. As the ambient aerosol is drawn and passed through the heating section, 

part of its volatile/semi-volatile component is evaporated. The aerosol then enters the 

adsorption/cooling tube, where the evaporated compounds are adsorbed onto activated 

charcoal placed on the walls of this section. The remaining PM (not volatilized) is 

collected onto the filters placed downstream of TD. The Dekati thermodenuder used in 

this study allows a relatively small residence time of 0.7s in the heating section at 10 lpm. 

The aerosol mass fraction remaining (MFR) after heating is quite sensitive to TD 

residence time. Recent studies have shown that thermal equilibration time scales of 

ambient particles vary over several orders of magnitude (from less than a second to 

hours), depending on the factors including vaporization enthalpies and mass 

accommodation coefficients of the evaporating species (An et al., 2007; Riipinen et al., 

2010). Although the condition of equilibrium is necessary to calculate thermodynamic 

properties of aerosol species (e.g. enthalpy and vapor pressure) based on the TD data, our 

goal was not to investigate these relationships. Instead, we successively removed semi-

volatile inorganic and organic species at different temperatures and determined the 

degree to which their removal affects PM oxidative potential. In that respect, deviation 

from the thermal equilibrium of aerosols should not pose a serious limitation in the 

present case. 
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4.1.2.3 Sample Analysis 

Sections of all PM samples were extracted in high purity deionized (18 mega-ohm) water 

at ambient temperature. The water extracts from the Teflon filters were analyzed for trace 

elements and major ions. Trace elements in the 0.45 µm filtered water extracts were 

analyzed using a magnetic-sector (high resolution) Inductively Coupled Plasma-Mass 

Spectroscopy (SF-ICP-MS) following the approach of Zhang et al. (2008). Ion 

Chromatography (IC) was used to analyze the water soluble ions (Zhang et al., 2008). 

The elemental and organic carbon (EC and OC) contents of deposited PM on the quartz 

filters were analyzed by the ACE (aerosol characterization experiments)-Asia Method 

(Schauer et al., 2003). A separate section of the quartz filters was analyzed for PAHs by 

TD-GCMS (Thermal Desorption- Gas chromatography/mass spectrometry) method 

(Sheesley et al., 2009) using Markes International Thermal Desorption Unit (model M-

10140; Foster City, CA, USA) coupled with an Agilent Technologies GCMS system (a 

6890 GC interfaced with a 5973 MSD). Several field blanks and laboratory blanks 

collected during the sampling were similarly processed and all analytical results were 

blank corrected. The oxidative potential of PM collected on the Teflon filters was 

quantified by consumption of dithiothreitol (DTT) in a chemical system (DTT assay). 

  

4.1.3. Results and Discussion 

4.1.3.1 Physical Parameters 

Particle losses in the thermodenuder were evaluated with ambient and ammonium sulfate 

[(NH4)2SO4] particles without heating the aerosols. Penetration efficiency was 
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determined by concurrent measurements of the particle size distributions at inlet and exit 

of the thermodenuder. For 20 nm size and at a flow-rate of 10 lpm, the particle number 

losses were less than 9 % for both ambient and (NH4)2SO4 aerosols, with even lower 

losses for larger particles (~2 % for 30 nm). This is consistent with theoretical diffusional 

loss calculations for laminar flow (Reynolds number <1200) at 25 oC (Baron and 

Willeke, 2001). Although diffusional loss increases with a rise in temperature, it does not 

substantially affect the denuder’s penetration efficiency in our experimental range (25-

200 oC). Theoretical calculations showed a slight (<3 %) increase in diffusional loss for 

20 nm particles on increasing the temperature from 25 to 200 oC. The size-segregated 

particle diffusion losses were used to correct the size distributions of denuded aerosols.  

 

Figure 4.2 shows the number and volume size distributions of ambient as well as 

thermodenuded aerosols. In general, these measurements show that heating the aerosols 

causes substantial particle shrinkage due to the evaporation of semi-volatile components. 

However, a small amount of water associated with the particles also evaporates on 

heating, leading to a slight overestimation of the measured loss of semi-volatile species. 

The relative magnitude of total number and volume losses provides an approximate 

indication of the differential evaporation profiles of nucleation (<50 nm) and Aitken 

mode (50 - 180 nm) particles. While number loss is mostly governed by the loss of 

nucleation mode particles, shrinkage of Aitken mode particles is reflected in the volume 

reduction. It should be noted that particle loss might imply shrinkage below the detection 

limit of SMPS, i.e. 14.6 nm in our case. Thus, the substantial loss of nucleation mode 



106 
 

particles at 50 oC, as evident from Figure 4.2 is pronounced in the higher number loss 

(47±2 %) compared to the corresponding volume loss (41±7 %). Due to the Kelvin effect 

(Hinds, 1999), nucleation mode particles tend to be more volatile at a given temperature 

than larger particles. Earlier observations at the sampling site have shown that organic 

carbon dominates (>40 %) the mass fraction of particles below 50 nm (Sardar et al., 

2005). Although size-segregated PM chemical speciation was not conducted in the 

present study, bulk loss of the nucleation mode at 50 oC is most likely attributed to the 

evaporation of organic compounds.   
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Figure 4.2: Particle size distributions (number and volume based) of the concentrated 
ambient and thermodenuded particles at 50, 100 and 200 oC.  
Note: Error bars show the standard deviation of multiple scans.  
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Figure 4.2 (Continued) 
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Figure 4.2 (Continued) 
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As the temperature is increased, shrinkage of the Aitken mode particles also becomes 

prominent, leading to an equivalent loss in both number and volume concentration at 100 

oC (~52 %). The particle size distribution of thermodenuded aerosols remains bimodal at 

100 oC, with a slight shift in mode diameter of the first peak (~32 nm in ambient particle 

size distribution) towards lower size (~20 nm) due to particle shrinkage. Further increase 

in temperature to 200 oC causes loss of smaller particles to the extent that nucleation 

mode is almost eliminated, resulting in a unimodal size distribution. These observations 

are consistent with previous findings showing that the fraction of ambient particles below 

50 nm is internally mixed, consisting mostly of volatile materials, while particles in the 

Aitken mode are externally mixed (Moore et al., 2007). These externally mixed particles 

shrink upon heating by evaporation of semi-volatile material from the surface, leaving 

behind the solid core, with a mode at around 80 nm. The fractional losses in volume 

concentration of the denuded aerosols at 50, 100 and 200 oC are consistent with the 

gravimetrically measured mass reduction ratios at these temperatures (42 %, 52 % and 67 

%, respectively).  

 

4.1.3.2 Chemical Parameters 

Water Soluble Ions 

Figure 4.3 shows the concentrations of major water soluble inorganic ions in 

concentrated ambient and denuded particles at three TD temperatures: 50, 100 and 200 

oC.  Significant loss of all of these inorganic ions occurs with heating. At 50 oC, a higher 

loss was observed for nitrate (NO3
-; 49±7 %) and ammonium (NH4

+; 44±5 %), than 
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sulfate (SO4
-2; 33±4 %). The general trends in the loss of these ions are consistent with 

their predominant molecular speciation [ammonium nitrate (NH4NO3), (NH4)2SO4, and 

sulfuric acid (H2SO4)] in an urban atmosphere (Sardar et al., 2005). However, the small 

fraction remaining at 200 oC is likely explained by the presence of refractory species, 

such as NaNO3 and Na2SO4, which are probably formed by the heterogeneous chemical 

reactions of sea-salt with nitric and sulfuric acid (Engler et al., 2007). 

 

Elemental and Organic Carbon (EC-OC) 

Figure 4.4 shows the comparison of elemental (EC) and organic carbon (OC) in 

concentrated ambient and denuded particles collected at different TD temperature 

settings, i.e. 50, 100 and 200 oC. These two species dominate the quasi-ultrafine 

particulate mass, accounting for up to 70 % at the sampling site (Sardar et al., 2005). EC 

is often considered as an indicator of diesel vehicular emissions, which is one of the 

predominant sources of carbonaceous compounds in the Los Angeles atmosphere 

(Schauer, 2003). In addition to traffic sources, OC is also contributed by photo-chemical 

processes producing secondary organic compounds (Ning et al., 2007). Despite the 

divergence in individual levels of both of these species, apparent in Figure 4.4, which is 

attributed to the daily variations in emission source strengths, the ratio [(OC/EC)ambient] is 

relatively stable, with an average value of 3.4±0.5 (not shown). This consistency 

primarily reflects the similarity in meteorological conditions prevailing throughout the 

study period, which also strengthens our comparison of the various parameters at 

different TD temperature configurations, as discussed in the paper.  
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Figure 4.3: Concentration of water soluble inorganic ions (NH4

+; Figure 4.3a, NO3
- ; 

Figure 4.3b and SO4
-2; Figure 4.3c) in the concentrated ambient and thermodenuded 

particles at different TD temperature configurations – 50, 100, 200 oC.  
Note:  
1. Error bars show analytical uncertainties in the chemical analysis.  
2. Percentages on top of the bars show loss in concentration on heating the aerosols. 
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Figure 4.3 (Continued) 
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Figure 4.4: Concentration of elemental (Figure 4.4a) and organic (Figure 4.4b) carbon in 
the concentrated ambient and thermodenuded particles collected at three TD temperature 
configurations (50, 100 and 200 oC). 
 
Note:  
1. Error bars show analytical uncertainties in the chemical analysis. 
2. Percentages on top of the bars show loss in concentration on heating the aerosols.  
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As defined by the measurement methodology (ACE-Asia method), EC is considered 

refractory even up to a temperature of 870 oC (Schauer et al., 2003). As expected, this 

species is only marginally affected [(within the measurement uncertainty (±5-13 %)] by 

heating. In contrast, OC is progressively decreased with an increase in TD temperature 

(35±2 %, 40±3 % and 74±5 % loss at 50, 100 and 200 oC, respectively). OC consists of a 

variety of organic compounds such as PAHs, hopanes, steranes, alkanes and organic 

acids. Most of these compounds are semi-volatile at ambient temperatures 

(Subramanyam et al., 1994), which explains the substantial loss of OC with heating.  

 

Polycyclic Aromatic Hydrocarbons (PAHs) 

The concentration of PAHs in concentrated ambient and denuded aerosols as a function 

of TD temperature is shown in Figure 4.5. In general, a substantial evaporative loss (up to 

80 %) upon heating is evident. PAHs are semi-volatile organic compounds and traffic 

emissions from the nearby freeway (I-110) is their most obvious source at our sampling 

site (Ning et al., 2007). Twenty-one PAHs were quantified and for a more illustrative 

interpretation of the loss profiles, these are divided into two groups, based on their 

molecular weights, i.e. low molecular weight (LMW- Phenanthrene, Anthracene, 

Fluoranthene, Pyrene, Benzo[ghi]fluoranthene, Cyclopenta[cd]pyrene, 

Benzo[a]anthracene, Chrysene, Retene,; <252 g/mol), and high molecular weight (HMW- 

Benzo[b]fluoranthene, Benzo[k]fluoranthene, Benzo[j]fluoranthene, Benzo[e]pyrene, 

Benzo[a]pyrene, Perylene, Indeno[1,2,3-cd]pyrene, Benzo[ghi]perylene, 

Dibenzo[ah]anthracene, Picene, Coronene, Dibenzo[ae]pyrene; ≥252 g/mol). The 
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fractions of LMW PAHs lost are 31±6 %, 66±7 % and 78±21 % at 50, 100 and 200 oC, 

respectively (Figure 4.5a). Recent studies have indicated that more than 80% of the PAH 

mass in an urban atmosphere may be adsorbed onto the surface of soot particles rather 

than absorbed into the organic matter (Dachs and Eisenreich, 2000; Perraudin et al., 

2005; Tran-Duc et al., 2010). The relatively lower enthalpy of adsorption compared to 

that of absorption might further facilitate the volatilization of these compounds from the 

particle surface. The loss in concentration of HMW PAHs is smaller at 50 and 100 oC 

(14±2% and 53±4%, respectively; Figure 4.5b), compared to the LMW PAHs. This is 

consistent with the decreasing volatility of PAHs with an increase in number of carbon 

atoms (Zheng and Fang, 2000). However, a difference in the evaporation profiles is not 

apparent at 200 oC, when most of the PAH mass is volatilized (~80%), leading to a 

similar loss for both LMW and HMW PAHs.  
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Figure 4.5: Concentration of PAHs [categorized based on their molecular weights, i.e. 
low molecular weight (LMW; Figure 4.5a) and high molecular weight (HMW; Figure 
4.5b)], in concentrated ambient and thermodenuded aerosols collected at three TD 
temperature configurations – 50, 100 and 200 oC. 
Note:  
1. Error bars show analytical uncertainties in the chemical analysis. 
2. Percentages on top of the bars show loss in concentration on heating the aerosols.  
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4.1.3.3 Oxidative Potential  

Figure 4.6 shows the oxidative potential of concentrated ambient and thermodenuded 

particles at three TD temperatures (50, 100 and 200 oC), measured by the DTT assay. The 

oxidative potential is decreased by 42±5 %, 47±8 % and 66±6 % as the particles are 

heated at 50, 100 and 200 oC, respectively. The marked decline in DTT activity as the 

aerosols are denuded of their semi-volatile components highlights the significant 

contribution of semi-volatile compounds to the oxidative load of ambient quasi-ultrafine 

particles in an urban atmosphere.  

 
Figure 4.6: Percentage loss in oxidative potential, measured by DTT activity on heating 
the ambient aerosols at 50, 100 and 200 oC. The DTT activity of the concentrated 
ambient (undenuded) PM, corresponding to different temperature settings of the 
thermodenuder is also shown on secondary Y-axis as a reference. 
Note: Error bars in DTT activity represent 95 % confidence intervals.  
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The sizable decrease in DTT activity at 50 oC (42 %) implies that a large fraction of 

oxidative activity may be associated with constituents that are volatile at 50 oC. Similarly, 

compounds volatilizing in the temperature window of 100-200 oC also appear to be fairly 

redox active, resulting in an additional 19 % loss of DTT activity in this temperature 

range. The relationship between volatility temperature and decrease in oxidative potential 

may provide some insights in identifying the PM-bound chemical species with 

considerable oxidative activity. For example, the loss profile of DTT activity with 

temperature closely follows the thermal desorption profile of OC, with substantial loss in 

the ambient-50 oC (42 % and 35 % for DTT and OC, respectively) and 100-200 oC (19 % 

and 34 % for DTT and OC, respectively) compared to 50-100 oC (5 % for both DTT and 

OC). The temperature window of 50-100 oC, although associated with a major loss of 

inorganic ions [(NO3
- (44 %), SO4

-2 (16%)], does not impact the DTT activity 

significantly. The association of oxidative potential with various chemical constituents is 

further investigated by regression analysis in the following section.  

 

The overall decrease in oxidative potential with heating the ambient PM is relatively 

lower compared to that of DEPs evaluated in the dynamometer study (Chapter 2). That 

study showed a roughly 70-100 % decrease at 220 oC depending on the vehicle type, 

after-treatment technology used and the driving cycle. However, the dilution ratio of the 

vehicular exhaust in that study was much lower (i.e. ~ 6-80) compared to the atmospheric 

dilution (on the order of thousands) in the present case. The increase in dilution ratio 

shifts the gas-to-particle phase equilibrium, with a lower fraction of semi-volatile species 



120 
 

in the particulate phase under high dilution conditions. Other physicochemical processes, 

including photo-chemical reactions, might also modify the net content of SVOC and their 

contribution to the oxidative potential of ambient particles. These differences in the loss 

profiles of DTT activity between freshly emitted PM and aged ambient PM underline the 

importance of atmospheric processes, in characterizing the overall toxicity of inhaled 

aerosols and assessing their health impacts.  

 

4.1.3.4 Association of Oxidative Potential with PM Chemical Composition 

To further examine the linkage between oxidative potential and chemical PM species, 

linear regression between the DTT activity and PM constituents was performed. Both 

ambient and denuded samples were included in regression and the results are summarized 

in Table 4.1. The analysis shows a strong association between DTT activity and OC 

concentration (R = 0.92; p = 0.01), which is consistent with earlier investigations 

demonstrating the capability of organic compounds to catalyze the oxidation of DTT 

(Cho et al., 2005; Obrien, 1991). In the context of present study, the excellent correlation 

of DTT activity with OC concentration further emphasizes the significant role of semi-

volatile organic compounds in the PM oxidative potential. 
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Table 4.1: Summary of the regression analysis [slope, intercept, Pearson coefficient (R) 
and the associated level of significance (p value)] between major PM chemical 
constituents and DTT activity. 
 

Species 

DTT Activity 

R p 
Slope*  Interceptψ 
Value Unc.  Value Unc. 

NO3
- 0.85 0.03 0.15 0.04 1.16 0.25 

SO4
-2 0.79 0.06 0.15 0.06 1.01 0.36 

NH4
+ 0.77 0.08 0.32 0.13 1.15 0.33 

OC 0.92 0.01 0.09 0.02 0.35 0.34 
EC 0.35 0.49 0.24 0.32 0.32 1.89 
LMW PAHs 0.88 0.02 937.84 250.43 0.47 0.38 
HMW PAHs 0.80 0.05 645.04 305.34 0.63 0.58 

 
Note: Sample size for the regression analysis is N = 6. 
*expressed as DTT activity (nmol/min) per µg of species. 
Ψ expressed as nmol of DTT/min/m3. 
 

The DTT activity is also well correlated with both groups of PAHs, i.e. LMW (R = 0.88, 

p = 0.02) and HMW PAHs (R = 0.80, p = 0.05). PAHs themselves do not contain 

functional groups capable of catalyzing the oxidation of DTT. However, atmospheric 

chemistry e.g. photo-oxidation, may transform PAHs to quinones and nitro-PAHs 

(Ntziachristos et al., 2007), both of which are major classes of redox cycling agents. 

Thus, the positive correlation of PAHs with DTT activity is probably due to their 

correlation with quinones and nitro-PAHs, which have been shown to be active in the 

DTT assay (Cho et al., 2005). In addition to the cellular oxidation of thiols, some 

quinones (e.g. 1, 4-benzoquinone) have been shown to also inactivate the antioxidants 

such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Rodrigueza et al., 2005). 

Although quinones are not analyzed in our study, the correlation with DTT underscores 
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the importance of PAHs as possible surrogates or precursors of redox active organic 

species that augments the PM oxidative potential.  

 

Some inorganic ions, such as SO4
-2, NO3

- and NH4
+ are also correlated with DTT activity 

as shown in Table 4.1. To the best of our knowledge, there is no evidence in literature 

that these species are redox active in the aerobic environment. Their association with 

DTT may be due to co-linearity with redox active organic compounds, instead of actual 

contribution to the PM oxidative potential. Species, minimally affected by heating (EC 

and water soluble trace elements) were not correlated with the DTT activity. 

 

4.1.4 Summary and Conclusions 

We assessed the role of semi-volatile compounds in the oxidative potential of ambient 

quasi-ultrafine particles at an urban site. The investigation follows the dynamometer 

study (Chapter 2), which demonstrated a dominant contribution of semi-volatile 

components in the DTT activity of PM emitted from heavy-duty diesel vehicles in a 

dynamometer facility. Compared to that study, a lower, although still considerable 

fraction (42-66 %) of the oxidative potential of ambient PM, is contributed by its semi-

volatile compounds. The difference in DTT activity profiles between the two studies is 

attributed to the lower content of semi-volatile species in ambient PM, as a result of the 

much higher atmospheric dilution, compared to the freshly emitted DEPs in 

dynamometer studies. Species that are volatile at ~ 50 oC and between 100 and 200 oC 

(e.g. OC) appear to be strongly associated with the DTT activity. 
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4.2 Contribution of Transition Metals in the Reactive Oxygen Species Activity of 
PM Emissions from Retrofitted Heavy-Duty Vehicles 
 
 
4.2.1 Introduction 

Recent toxicological studies indicate that PM-associated reactive oxygen species (ROS; 

particle-bound and/or their cellular generation upon PM exposure) and the resulting 

oxidative stress may be responsible for the initiation of inflammatory cascades in 

biological systems (Donaldson et al., 1996; Donaldson et al., 2005; Kunzli et al., 2006). 

The macrophage ROS assay is a fluorogenic cellular method to measure the generation of 

reactive oxygen species in alveolar macrophages on exposure to aqueous suspensions of 

PM. Due to the location of alveolar macrophages on inner epithelial surface of the lung, 

this assay represents an excellent model of pulmonary inflammation in response to PM 

exposure (Landreman et al., 2008). Recent investigations have also indicated that ROS 

activity measured by this assay is highly associated with the transition metal content of 

PM samples [Fe, V, Ni, Cr; (Hu et al., 2008; Verma et al., 2009)]. However, most of 

these associations have been inferred based on statistical analysis - either simple or 

multiple linear regressions between PM chemical constituents and ROS activity. While 

these statistical tools can provide valuable insights, the inherent limitations of any 

regression technique, i.e. lack of an explicit causal relationship irrespective of the 

strength of correlation, and multi-colinearity among independent variables, pose 

challenges to comprehend the underlying mechanisms linking particle composition to 

toxicity. For an improved understanding of these associations, mechanistic studies must 

be conducted, which include successive removal of various PM components from the 
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exposure samples to analyze their individual impacts on the measured activity. One of 

such approaches could be the use of a chelation technique for segregating the 

contribution of metals to ROS activity of PM as demonstrated by Shafer et al. (2010). 

 

The objective of this study is to assess the role of water-soluble metals in ROS activity of 

DEPs. Particles were collected from heavy-duty vehicles with and without retrofits (e.g. 

DPF, SCR, etc.) in a dynamometer set-up. The contribution of water-soluble transition 

metals in the measured activity was quantified by their complexation and subsequent 

removal using chelation method. The significant variations in metal composition of PM 

collected from different vehicle-configurations provided insights on the effect of 

emission control technologies on exhaust PM toxicity as well as demonstrated the 

robustness of the analytical approach. Observations are further supported by uni- and 

multi-variate regression analyses between ROS activity and the water-soluble metal 

content of PM.  

 

4.2.2 Experimental Methods 

4.2.2.1 Sampling Protocol 

DEPs were collected from heavy-duty vehicles tested on a chassis dynamometer at the 

California Air Resources Board’s laboratory in Los Angeles. The details of the test 

vehicle-configurations including their efficiency to control mass and number based PM 

emissions have been reported previously (Chapter 2). 
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All vehicles were tested under three standard simulated driving conditions, i.e. steady 

state cruise (80 km/h), transient  [EPA urban dynamometer driving schedule (UDDS) 

(Ayala et al., 2002)] and idling. Vehicle exhaust was transported by a stainless steel hose 

pipe and was mixed with filtered (high efficiency particulate air filter) air in a constant 

volume sampler (CVS) for primary dilution. Integrated PM samples from the CVS were 

collected using a high volume sampler [HI-Q Environmental Products Co., San Diego, 

CA; flow rate = 450 l/min; (Misra et al., 2002)] on Teflon coated glass fiber filters 

(Pallflex, Fiberfilm T60A20 – 8x10 inch, Pall Corp., East Hills, NY). Both tunnel (from 

CVS dilution tunnel) and field blanks (from high volume sampler) were similarly 

collected during sampling. 

 

4.2.2.2 Sample Analysis  

Sub-sections of the filter-collected PM were extracted with 15 mL of high purity (18 

mega-ohm) water. Extractions were performed in 20 mL acid-leached, capped, 

polypropylene tubes, with continuous agitation for 16 hours at room temperature in the 

dark.  Extracts were filtered through acid-leached 0.22 µm polypropylene syringe filters 

prior to analysis by magnetic sector inductively-coupled plasma mass spectrometry (SF-

ICPMS).  Numerous field/tunnel filter blanks and laboratory method blanks were 

similarly processed (Zhang et al., 2008). Estimates of uncertainty for each measurement 

were derived by propagating the uncertainty (1 standard deviation, stdev) components 

from the SF-ICPMS analysis (3-analytical replicates) and blank subtraction (1 stdev of 

multiple blanks).   
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The ROS-activity of the PM extracts was measured by in vitro exposure to rat alveolar 

macrophage (NR8383, ATCC# CRL-2192) cells using 2’,7’-dichlorofluorescin diacetate 

(DCFH-DA) as the fluorescent probe. All samples, as well as positive and negative 

controls were analyzed in triplicate (3-wells). A minimum of six dilutions (each of them 

in triplicate) of every sample extract was run to ensure that a linear dose-response region 

could be identified.  Uncertainty in ROS method was estimated by propagating the 

standard deviation of triplicate ROS measurements with standard deviation of the applied 

method blank. These values ranged from 5 to 78% (median = 20%, n=24).   

 

Sub-samples of the primary water extracts (samples and controls) were further processed 

by chelation with the immobilized ligand iminodiacetate (Chelex chromatography) to 

remove the metal ions. For the Chelex treatment, mini-columns (1 mL polypropylene 

with Teflon frits) of Chelex were prepared with 0.2 g of 18 mega-ohm water-slurried Na-

Chelex. Columns were rinsed with high purity water and buffered with 0.1 M sodium 

acetate. PM extracts (~1.75 mL) were processed through the columns, under gravity flow, 

in a solid phase extraction manifold, at a flow rate of ~1.0 mL/min. The Chelex-

processed extract was collected and immediately assayed for ROS-activity and 

subsequent elemental analysis by SF-ICPMS. Control samples were processed through 

the Chelex columns to ensure that the treatment did not produce ROS active species or 

inhibit the activity of Zymosan (a β-1,3 polysaccharide of D-glucose). Zymosan was used 

as a positive control as it is recognized by TLR-2 (Toll-like receptors) on macrophage 

cells, activating a strong immuno-chemical and ROS response (Ciapetti et al., 1998). 
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Blank-corrected ROS fluorescence data were normalized to the response of a 

standardized unit of Zymosan to correct for minor variations in method sensitivity 

between assay batches. ROS activity is therefore reported in terms of Zymosan units to 

facilitate the comparison of various data sets. None of the Chelex method blanks 

exhibited detectable ROS activity, and Chelex column blanks (high-purity water eluants) 

produced no measurable (<5%) suppression of ROS activity in Zymosan positive 

controls.    

   

4.2.3 Results and Discussion 

4.2.3.1 Water Soluble Metals  

Figure 4.7 shows the distribution of metals in the exhaust PM collected from various 

vehicle-configurations, under three driving cycles, i.e. cruise, UDDS and idle. For a more 

illustrative interpretation, these metals are categorized into different groups based on their 

periodic properties. 
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Figure 4.7: Distribution of water-soluble metals, categorized into different groups based 
on their periodic properties, in the exhaust PM from various vehicle-configurations, 
under three driving cycles, i.e. cruise, UDDS and idle. 
Redox Active Transition metals: Mn, V, Ni, Cu, Fe, Cr; Divalent Transition metals: Zn, Cd, Co: Heavy 
metals: Tl, Pb, U, Th, W; Alkaline Earth Metals: Sr, Mg, Ba, Ca; PGE: Rh, Pt, Pd; Rare Earth: Eu, Pr, Ce, 
Nd, La, Sm, Y, Dy, Ho, Yb, Lu; Semi Metals: As, Sb; Higher valent/hydrolyzed metals: Ti, Sc, Al 
Notes: NA implies “not available”. 
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As shown, the differential removal of these metals by control technologies and also their 

probable release in some systems [e.g. V, Ni and Cr in SCRTs (Hu et al., 2009)] lead to 

significant changes in the emitted PM elemental composition. In the cruise cycle, 

baseline vehicle elemental matrix is composed largely of alkaline earth metals (Sr, Mg, 

Ba and Ca; 75%) and divalent transition metals (Zn, Cd and Co; 23 %). Most of these 

metals primarily originate from the lube oil and its additives (Liu et al., 2008; McGeehan 

et al., 2005). A reduction in the fraction of alkaline earth metals is observed in the PM 

downstream of all retrofits, along with a corresponding increase in other metal fractions, 

such as transition metals and hydrolyzed metals (mostly Al, not shown).  The most 

notable increase is in the relative abundance of redox active transition metals (Mn, V, Ni, 

Cu, Fe and Cr), which are negligible in baseline vehicle (0.4 %), but constitute a 

significant fraction in almost all of the retrofitted vehicles, with V-SCRT and school bus 

among the highest (9.4 %, both), followed by Z-SCRT (8.6 %). The other groups of 

metals such as heavy metals (Tl, Pb, U, Th, W), platinum group elements (Rh, Pt, Pd; 

PGE), rare earth metals (Eu, Pr, Ce, Nd, La, Sm, Y, Dy, Ho, Yb, Lu) and semi-metals 

(As, Sb) account for less than 3 % of the total metals emissions. 

 

The PM metals distribution in UDDS cycle of the baseline vehicle is similar to that of the 

cruise cycle, with a comparable fraction of both alkaline earth and divalent transition 

metals. Although the fraction of divalent transition metals is decreased by retrofits in 

UDDS cycle, an increase in the fraction of redox active metals is evident here as well. 

PM samples from the baseline truck in the idle cycle were not available for assessing the 
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impact of retrofits on metals distribution during idling. However, a comparison with 

cruise and UDDS cycles of the same vehicle-configuration shows a significantly smaller 

fraction of redox active transition metals, as well as lower contribution from higher valent 

metals in the idle cycle. 

 

The increase in the fraction of redox active metals by retrofitted vehicles is of particular 

interest and is better elucidated by plotting these species in terms of their individual 

contents (µg/g of exhaust PM) as shown in Figure 4.8. The highest content of V in PM 

samples from V-SCRT (both cruise and UDDS cycles) can be attributed to the possible 

leaching of wash-coat catalyst from SCR system at high temperatures (Hu et al., 2009). 

The most prominent increase is in the content of Fe by retrofitted configurations, i.e. 

several (2-4) orders of magnitude difference, compared to the baseline vehicle. The Fe 

content is the highest in school bus PM both in cruise and UDDS cycles. Remaining 

metals (Cr, Ni, Mn and Cu) were also generally escalated (elevation factor reaching up to 

~80 for Cr in VSCRT-cruise) in the PM samples from retrofitted vehicles, compared to 

the baseline truck.  
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Figure 4.8: Water-soluble content (µg/g) of major redox active metals in the exhaust PM 
from various vehicle-configurations, under (a) cruise, and (b) UDDS driving cycles 
Note: BDL indicates “below detection levels” [of Ni (baseline-both cruise and UDDS), V 
(baseline-UDDS) and Cu (school bus-cruise)]. 
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4.2.3.2 Macrophage ROS Activity  

Figure 4.9 shows the results of macrophage ROS assay conducted on the water extracts 

of exhaust PM samples from all test vehicles. The results have been expressed both on a 

per mass of PM emitted basis (µg ROS activity/mg of PM) (Figure 4.9a) as well as ROS 

activity per km (or per hr for idle) of vehicle driven (Figure 4.9b). To place our results in 

a broader perspective, ROS activity measurements from other studies, both for ambient 

aerosols in central Los Angeles at USC as well as engine exhaust PM (Cheung et al., 

2010), have also been presented as an insert in Figure 4.9a.  As shown, a large variation 

in intrinsic ROS activity of PM from various vehicle-configurations – over 100 fold - was 

observed, although, excluding the very high activity for the school bus, measurements are 

in the range of typical levels observed for ambient and diesel exhaust particles.   
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Figure 4.9: Reactive Oxygen Species (ROS) activity of PM from the tested vehicles, 
expressed as (a) per mass of PM, and (b) per km (or hr for idle) of vehicle driven 
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The ROS activity per mass of particles emitted from all retrofitted configurations is 

higher than the baseline truck, with a sole exception of the hybrid vehicle. The highest 

activity is observed for the  school bus, which has been shown to be one of the most 

efficient vehicles in controlling both mass and number emissions (>99 %; Chapter 2). It 

is interesting to note that the hybrid vehicle, with similar particle mass and number 

emissions as that of the school bus (Chapter 2), yields the lowest ROS activity. The DPX 

vehicle, which is also quite efficient in reducing PM mass emissions (up to 95 %; Chapter 

2), generates particles with high ROS activity (up to ~ 4600 µg of Zymosan units/mg of 

PM). Of particular note are also the elevated ROS levels observed for both vanadium and 

Zeolite based SCRTs compared to the baseline vehicle. Thus, although SCRTs 

effectively remove the targeted pollutants for which they were designed (i.e, 

hydrocarbons and NOx) in the exhaust emissions (Herner et al., 2009; Pakbin et al., 

2009), their in-built catalysts appear to increase the fraction of certain redox active 

species in DEPs. 

 

The ROS results expressed on per km (or per hr for idle) basis (Figure 4.9b) provide an 

overall assessment of the effectiveness of control technologies on total oxidative load 

imparted by the exhaust PM. It is of particular note that, although per PM mass activity is 

increased by most of the control technologies, all of the retrofitted configurations are 

efficient in reducing the per km (or per hr) ROS activity, compared to the baseline 

vehicle. This reduction is a result of the lower particulate mass emissions (by more than 

one order of magnitude) from retrofitted configurations compared to the baseline truck 
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(Chapter 2). The decrease in ROS activity is, however, not linear with the overall PM 

mass reduction in retrofitted vehicles. For example, an approximate 10-times reduction in 

PM mass emission achieved by Z-SCRT (cruise) lowers the ROS activity (per km) by 

only 5 times. The contrast between distance and mass based activity is consistent with the 

measurements using DTT assay on the same suite of vehicles (Chapter 2). These findings 

have potential implications from the perspective of human exposure and risk assessment, 

and underscore the importance of both the intrinsic toxicity of PM, and its mass emission 

rate, while evaluating the net environmental impacts of an after-treatment technology. 

 

4.2.3.3 Chelex Treatment 

Figure 4.10 shows the percent removal (average of all vehicle-configurations) of major 

water-soluble elements from the exhaust PM extracts after Chelex treatment. The figure 

illustrates that chelation is highly efficient in removing most cationic di- and tri-valent 

metals from the DEP extracts. Except for Cr and V (which exhibited removal percentages 

of 57 % and 26 %, respectively), the removal efficiency for most of the transition metals 

was greater than 70 %. The extent of metal chelation from the water extracts depends on 

a number of factors including their oxidation states and aqueous complexation (Haas and 

Northup, 2004; Thompson et al., 2002). The high removal efficiency for most of the 

transition metals indicate minimal complexation of these species in solution, making 

them biochemically available. Of the redox-active metals, Mn was most effectively 

removed (93%) on Chelex, followed by Cu (79%), Fe and Ni (73%). The tendency of Cr 

ions to form hydrates (octahedral coordination with water molecules), probably impedes 
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its attachment and removal with the iminodiacetate ligands (Fackler and Holah, 1965). 

Further, the soluble Cr likely has a significant Cr (VI) component, which is an oxyanion 

and is not effectively removed on Chelex  (Gad, 1989). The formation of oxyanions by 

vanadium (vanadate ion; VO4
−3) might be responsible for its poor removal efficiency 

(Tischer et al., 2004). Other metals exhibiting very high removal efficiency include Mg, 

Al, Ca, Ba, Cd and Pb. The non-metals (S and P) and semi-metals (As), mostly present as 

oxyanions (Shafer et al., 2010) exhibit low removal efficiency.  

 

Figure 4.10: Percent removal (average of all vehicle-configurations) of major water-
soluble elements using Chelex treatment of the exhaust PM samples 
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Figure 4.11 shows the percent removal of ROS activity after Chelex treatment of the 

exhaust PM extracts from all test vehicles under different driving cycles. To emphasize 

the correspondence between water-soluble metals and ROS activity, the percent removal 
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of the sum of major metals from respective PM samples is also shown (Figure 4.11). 

Chelex treatment of DEPs water extracts removed a very large and fairly consistent 

fraction of ROS activity across most of the vehicles. The reduction in ROS activity 

averages at 77 (±20) % (range: 36% for DPX-idle to 100 % for baseline-UDDS and 

hybrid vehicles). The substantial reduction in ROS activity after metals chelation and 

removal highlights the dominant contribution of water soluble metals to redox properties 

of PM and is one of the important findings of this study.  

 

Figure 4.11: Percent removal of ROS activity in relation to that of aggregate water 
soluble metals after Chelex treatment of the exhaust PM samples from test vehicle-
configurations under different driving cycles. 
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Under idling conditions, the V-SCRT, DPX and school bus show significantly lower 

ROS removal (<50 %), despite comparable reductions in the aggregate metals content of 

their PM samples. The results of one-sample t-test revealed that the mean fractional 

removal of ROS in idle cycle is statistically different from that in cruise (p=0.002) and 

UDDS (p=0.001) cycles. A vehicle-specific analysis of the percent removal of individual 

metals illustrated minimal chelation (<40 %) of transition metals for these vehicles [V, 

Cr, Fe for VSCRT and V, Cr, Fe and Cu for DPX and school bus] in idle cycle. Thus, it is 

likely that the chemical speciation of many relevant metals is substantially different in the 

PM emitted under idling conditions, which is reflected in both Chelex and ROS removal 

efficiencies. In addition, these data imply that not all measured elements are capable of 

generating PM related oxidative stress and only a few species – mostly redox active 

transition metals appear to play a central role.  The identification of major contributors to 

PM toxicity is further investigated in the regression section discussed below.  

 

4.2.3.4 Statistical Association between ROS Activity and Metals  

Univariate Regression  

To further support our observations and provide indications on the specific metals driving 

ROS activity, a regression analysis was conducted investigating the associations between 

ROS activity and major water-soluble elements in PM. As a preliminary step, univariate 

linear regression was performed to screen the elements that are significantly correlated 

with ROS activity. This selection process was conducted in three steps: 1) including only 

untreated (i.e. not Chelexed) samples; 2) including only Chelexed samples; and 3) using 
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untreated minus Chelexed levels (designated as “delta” hereafter), in the regression 

analysis. Table 4.2 summarizes all of these correlations along with the associated levels 

of significance.  

 

Table 4.2: Pearson correlation coefficients and associated levels of significance for the 
univariate regression between ROS activity and major water-soluble metals of PM 
 
 

Elements 

Untreated 
samples 

Chelexed 
Samples  

Untreated-
Chelexed (delta) 

R p R p R p 
Mg -0.19 0.36 0.26 0.22 -0.18 0.39 
Al 0.38 0.07 0.13 0.56 0.39 0.06 
P 0.27 0.21 0.66 0.00 0.12 0.56 
S 0.13 0.53 -0.32 0.12 0.22 0.30 
Ca -0.01 0.95 0.36 0.09 -0.02 0.94 
V -0.02 0.92 0.03 0.88 0.16 0.47 
Cr 0.67 0.00 0.30 0.15 0.65 0.00 
Mn 0.62 0.01 0.33 0.11 0.61 0.01 
Fe 0.93 0.00 0.58 0.00 0.91 0.00 
Co 0.61 0.04 -0.08 0.70 0.63 0.04 
Ni 0.22 0.31 0.20 0.36 0.21 0.32 
Cu 0.47 0.02 0.17 0.43 0.48 0.02 
Zn 0.46 0.02 0.12 0.56 0.47 0.02 
As 0.03 0.89 0.42 0.04 -0.29 0.17 
Cd 0.50 0.01 0.59 0.00 0.47 0.02 
Ba 0.31 0.15 0.09 0.67 0.27 0.20 
Pb 0.47 0.02 0.11 0.59 0.47 0.02 

 
 

As shown in  Table 4.2, for the untreated sample set, ROS activity is reasonably 

correlated with several transition metals such as Fe, Cr, Mn and Co (R>0.60; p<0.05). 

The highest correlation was observed for Fe (R=0.93; p=0.00), followed by Cr (R=0.67; 

p=0.00), Mn (R=0.62, p=0.01) and Co (R=0.61; p=0.04). By contrast, none of the 
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transition metals are significantly correlated with ROS activity in the Chelexed sample 

set, which is not surprising, given the very low levels of these species (most of which 

were not significantly different than zero) remaining after chelation. Thus, regression 

analysis on Chelexed sample set was deemed inappropriate. Interestingly, the correlation 

coefficients obtained for delta levels are very similar to that for the untreated samples, 

which is again due to the near complete removal of most metals and ROS after chelation. 

Other metals (Mg, Al, Ca, V, Ni and Ba), semi-metals (As) and non-metals (P and S) are 

not significantly correlated with ROS activity in either untreated or delta set. 

 

Multivariate Regression  

The univariate regression employed in previous section may not allow us to discriminate 

and quantify the impact of individual elements on PM toxicity. We therefore applied 

multivariate regressions in order to better understand the variance of ROS activity as a 

function of transition metals content. The metals exhibiting highest correlations with 

ROS activity in the untreated dataset (Fe, Cr, Mn, Co, Cd, Cu, Pb and Zn) were selected 

and stepped through one-by-one to generate multiple linear models (Sigma Plot 11.0, 

Systat Software Inc).  

 

As a first step, the regression model included only Fe as the independent variable. The 

predicted ROS activity based on this model is plotted as a function of the measured ROS 

activity in Figure 4.12a. The regression analysis yielded a high coefficient of 

determination (R2 = 0.84) with a slope and intercept of 0.84 and 992.4 µg of Zymosan 
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units/mg of PM, respectively, which is a very satisfactory prediction of the ROS activity. 

The dominant influence of Fe on ROS activity has been reported in earlier investigations 

also, evaluating the toxicity of ambient particles (Hu et al., 2008; Shafer et al., 2010; 

Verma et al., 2009; Zhang et al., 2008). These statistical findings support our chemical 

fractionation measurements and suggest that the soluble Fe content of the PM is a very 

robust indicator of its ROS activity. 
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Figure 4.12: Correlation of measured and reconstructed ROS activity with successive 
inclusions of different species in the multivariate regression model: a) only Fe; b) Fe and 
Co; c) Fe, Co and Cr. 
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Fe is among the most abundant transition metals in DEPs and is generally present in two 

oxidation states, Fe (II) and Fe (III). The solubility of Fe (II) is much higher than that of 

Fe (III); aqueous equilibrium concentrations of amorphous ferrous and ferric hydroxide 

[am-Fe(OH)2 and am-Fe(OH)3] are nearly 10–5 M and 10–10 M, respectively (Nico et al., 

2009). The redox cycling of Fe, generating an array of free radicals (e.g. OH*, O2
*-, and 

HO2
*) through Fenton reaction, is well documented (Chen and Lippmann, 2009; Rose 

and Waite, 2005; Valko et al., 2005; Welch et al., 2002). Although, the exact mechanism 

of the reaction is still a matter of debate, Fe (II) catalyzed reduction of molecular oxygen 

to release hydroxyl radicals [Haber Weiss reaction; (Winterbourn, 1987)] is considered to 

be largely responsible in Fe mediated toxicity. The comparatively higher water solubility 

of Fe (II) further makes it more bioavailable to probably participate in the reactions 

yielding ROS activity of DEP extracts.   

 

The next step in the multivariate regression modeling involved iterative inclusions of 

each of the additional correlated metals (Cr, Mn, Co, Cd, Cu, Pb and Zn), and 

examination of their impacts on the model’s ability to predict ROS levels. The 

comparison of reconstructed and measured ROS activity, considering both Fe and Co into 

the model, is shown in Figure 4.12b. Both correlation coefficient and slope of the 

regression equation increased to 0.87, while the intercept decreased to 829.8 µg of 

Zymosan units/mg of PM. Similarly, inclusion of Cr further improved the model by 

increasing the correlation coefficient and slope to 0.90, and decreasing the intercept to 

638 µg of Zymosan units/mg of PM (Figure 4.12c). The multivariate regression was 



144 
 

concluded at this final step as no additional species significantly contributed to improve 

the correlation. 

 

The parameters for the final regression equation are summarized in Table 4.3. As evident, 

all metals included into the model contributed independently [variance inflation factor 

(VIF) < 4] and significantly (p<0.05) to account for 90 % of the variance (R2=0.90) in 

ROS activity. The standardized coefficients listed in the table may be used to quantify an 

approximate contribution of the individual species in measured ROS activity. The highest 

coefficient of Fe (0.94) implies that ROS activity is most sensitive to the changes in Fe 

content of PM; a unit standard deviation change in Fe content would change the ROS 

activity by 0.94 standard deviations, which is about 3 times higher compared to that by an 

equivalent change in Cr content (standardized coefficient = 0.28).  

 

Table 4.3: Parameters of the multivariate regression analysis between ROS activity and 
water-soluble metals of PM 
 
 

Species 

Unstandardized Coefficient 
(µg of Zymosan /ng of metal) Standardized 

Coefficient p VIF 
Value error 

Constant -539.24 985.84 
Fe 17.77 1.84 0.94 0.00 1.86 
Co -2468.18 766.22 -0.34 0.00 2.20 
Cr 226.94 92.54 0.28 0.02 2.45 
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Interestingly, despite the positive correlation of Co as shown in Table 4.2, its coefficient 

becomes negative after Fe is included into the model (Table 4.3). Perhaps the negative 

association of Co in ROS predicting equation is a statistical artifact driven by the large 

positive coefficient of Fe. Similar anomalies were observed in previous explorations 

(Ntziachristos et al., 2007; Zhang et al., 2008), and illustrate one of the limitations of any 

study attempting to link toxicological PM properties to their chemical constituents strictly 

based on regression analysis. Accordingly, the apparent associations of different metals 

with ROS activity as implied from their coefficients might not be representative of their 

independent toxic potency, but rather in relation to other included redox species, and is 

thus highly subjective to the variables selection in multiple regressions.  

 

4.2.4 Summary and Conclusions 

This investigation explores the linkage between the ROS activity of DEPs and their 

water-soluble metals content. A macrophage-based in vitro ROS assay was coupled with 

the elemental fractionation of exhaust PM from various heavy-duty diesel vehicles. The 

test fleet included a baseline (without any control technology), two SCRTs (vanadium 

and Zeolite based), a DPX (DPF), a school bus (EPF) and a hybrid (CCRT) vehicle. The 

fleet was tested under three driving cycles: cruise, UDDS and idle. The study 

demonstrates that despite generally similar reductions in PM mass emissions from diesel 

vehicles by various control technologies, the intrinsic ROS activity of the emitted 

particles may vary dramatically with retrofit types. Although, mass based ROS levels 

(µg/mg of PM) increased with the application of after-treatment devices, a significant 
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reduction was observed in the overall ROS activity (per km for cruise and UDDS and per 

hr for idle) for retrofitted configurations, compared to the baseline vehicle. 

 

A substantial fraction of ROS activity of DEPs was associated with the water-soluble 

metals as evident from the near complete attenuation of activity after chelation of PM 

sample extracts. However, relatively lower removal of the activity in few vehicle-

configurations (V-SCRT, DPX and school bus -idle), despite a large aggregate metals 

removal, indicated that the generation of ROS was driven by a select group of metal 

species. A univariate regression analysis further supported that ROS activity is associated 

with only few transition metals such as Fe, Cr, Co and Mn. Multivariate regressions 

conducted on the selected transition metals and oxidative activity of PM revealed that Fe 

accounts for most of the variability in ROS levels.  
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Chapter 5: Conclusions and Future Research Directions 
 
 

5.1 Summary and Conclusions 

Several recent toxicological studies have confirmed the oxidative properties of particulate 

matter and their capability to generate reactive oxygen species in biological systems 

(Donaldson et al., 2002; Xia et al., 2004). The production of these pro-oxidant species 

and their subsequent damage to important macromolecules (e.g. DNA, proteins, lipids) 

are thought to be implicated in numerous diseases including respiratory (Gauderman et 

al., 2007; Stayner et al., 1998), cardiovascular (Delfino et al., 2005)  and 

neurodegenerative disorders (Peters et al., 2006). Diesel exhaust particles represent an 

important component of fine and ultrafine PM in urban areas (Steerenberg et al., 1998). 

The newer diesel engines with emission control devices are very efficient in reducing the 

mass emissions of particulate matter. The emissions of major chemical constituents (e.g. 

elemental and organic carbon) are also substantially reduced by these late model vehicles. 

However, the enhanced formation of nucleation mode particles is observed in the 

exhausts of some retrofitted configurations. Much of the mass of these nucleation mode 

particles is semi-volatile in nature (e. g. sulfuric acid). Although, the retrofitted vehicles 

emit less WSOC (per mile of vehicle driven), water soluble fraction of the organic carbon 

(WSOC/OC) is increased for most of the configurations.  

 

Despite an increase in the intrinsic oxidative activity (per mass basis) of exhaust PM with 

the use of most control technologies, the overall activity (expressed per km or per hr) was 



 

148 
 

substantially reduced for retrofitted configurations compared to the uncontrolled vehicle. 

The responses of two toxicity assays – DTT, and macrophage ROS assay, used in our 

investigation to measure the oxidative activity of the particles, appear to be driven by 

different PM components. The DTT activity was found to be correlated mostly with the 

polar organic compounds. Secondary organic aerosol (SOA) formed by the photo-

chemical reactions during afternoon period and woodsmoke particles emitted during the 

wildfire events, both are enriched in water soluble organic compounds, and show 

increased DTT activity compared to the primary particles generated from vehicular 

emissions. The dominant contribution of organic compounds in the DTT assay was 

further confirmed by a mechanistic analysis using thermodenuder; in which, the 

successive removal of semi-volatile organic compounds (SVOC) progressively declined 

the DTT activity of the particles. These SVOC are found to be highly redox-active and 

constitute a dominant fraction (up to almost 100 %) of PM oxidative potential for the 

DEPs evaluated in chassis dynamometer facilities. Compared to that, in ambient PM, a 

lower but still significant fraction (42-66 %) of the oxidative potential is contributed by 

its semi-volatile compounds. The difference in DTT activity profiles between DEPs and 

ambient PM is attributed to the lower content of semi-volatile species in ambient PM, as 

a result of the much higher atmospheric dilution, compared to the freshly emitted DEPs 

in dynamometer facilities, in which most of the SVOC are bound to the particle phase.  

 

However, another important metric of oxidative activity – macrophage ROS assay, 

doesn’t appear to be much affected by organic compounds, but was found to be 
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correlated mostly with the transition metals (Fe, V, Cr, Ni, Co, Cd, Cu and Zn). These 

metals participate in the Fenton chemistry to generate hydroxyl radicals, which can 

effectively oxidize the DCFH probe used in this assay. The key role of the transition 

metals in ROS activity of PM was further quantified by their removal using a Chelex® 

complexation method; by which, chelation of the DEPs samples removed a substantial 

(≥70 %) fraction of the ROS activity. Identification of the major drivers of ROS activity 

by means of a multivariate regression analysis revealed Fe as the most important metal, 

accounting for the highest (84%) fraction of variability in the ROS levels.  

 

The DTT and ROS assays used in this study are two independent and intrinsically 

different types of analyses, likely driven by different particle components, and in that 

respect, they should be considered complementary to each other. Collectively, these two 

assays provide an important framework for designing an effective methodology to 

understand the mechanism of PM toxicity and to infer the subsequent health risks. The 

variation in the oxidative activity profiles of PM originating from different sources 

measured by these assays is helpful in linking the PM toxicity to its source specific 

composition.  

 

5.2 Recommendations 

This study offers an important perspective in analyzing and comparing the toxicological 

characteristics of PM from different sources, which can be directly/indirectly useful in 

formulating the policies for human health prevention from PM exposure. However, 
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considering the complexity of atmospheric reactions and their impacts on the PM 

physicochemical properties, further investigations are required which should focus on 

developing the appropriate sampling and measurement strategies to capture these 

variations affecting the PM toxic potency. We will discuss some of these aspects in this 

section with our recommendations to address these concerns.  

 

Recent studies have indicated that the mechanisms by which transition metals cause 

cellular oxidative stress are largely governed by the oxidation state of the metal, which 

determines its bio-availability and thus subsequent toxicity (Shafer et al., 2010; Verma et 

al., 2010). For example, two most common oxidation states of iron under 

environmentally relevant conditions are: Fe (II) and Fe (III). Cr, like Fe, also has two 

major oxidation states, Cr (III) and Cr (VI). Cr (III) compounds are generally insoluble 

and non-toxic, whereas Cr (VI) is highly soluble, and potentially toxic (Gad, 1989). 

Manganese has three readily available oxidation states: Mn (II), Mn (III), and Mn (IV). 

Manganese appears to exert its toxic effects through a variety of pathways including ROS 

formation by Mn (II) and direct oxidation of biological molecules by Mn (III). While Mn 

(II) salts are more bioavailable (soluble), the cytotoxicity of Mn (III) compounds appears 

to be significantly greater than those of Mn (II) (Aschner et al., 2005; Dorman et al., 

2001; Reaney and Smith, 2005). The oxidation state of these metals within a particle at 

the time of inhalation is a function of the emission source and changes occurred during 

atmospheric aging. Studies have indicated that photochemistry plays a major role in 

determining the pertinent oxidation state of a metal by inducing either oxidation or 
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reduction of metals in the ambient atmosphere (Hoffmann et al., 1997; Siefert et al., 

1996). For example, particulate iron has been shown to undergo both atmospheric 

oxidation and/or reduction depending on the factors such as presence of electron donors 

(oxalate, formate, acetate) and pH (Siefert et al., 1994). Most of the previous 

investigations studying the redox reactions of particulate metals are based on a simulated 

atmosphere in laboratory, without sampling the real world aerosols. As ambient aerosols 

are generally complex mixture of a variety of organic and inorganic species, it is 

extremely difficult to predict how the redox active transition metals will behave in 

atmospheric PM. The mechanisms of redox reactions involving transition metals are also 

a function of size of the particles. It has been hypothesized that in ultrafine particles, Fe 

(II) oxidation might be the dominating mechanism, while photo-reduction dominates in 

larger particles (Majestic et al., 2007). Thus, an analysis of the diurnal variations in 

oxidation states of major transition metals should be very useful in providing the insights 

on bio-availability of these metals from the perspectives of ambient PM toxicity. In 

addition, this analysis would help to assess the role of photo-chemistry and infer the net 

mechanisms (among various oxidative and reductive reactions occurring simultaneously) 

governing the changes in oxidation states of transition metals in a real world atmosphere.  

In the present study, DTT activity of the particles (both ambient and DEPs) is found to be 

strongly correlated with their WSOC content. However, WOSC itself is a complex 

mixture of diverse group of species, including dicarboxylic acids, poly acidic compounds, 

polyethers etc (Decesari et al., 2000). Our investigation measured only a few organic 

acids, constituting a very small fraction (2-5% in most cases) of WSOC. Thus, it is 
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difficult to conclude what specific species contribute to the observed relationship between 

WSOC and the DTT activity of PM. We believe that more research is needed to identify 

the organic compounds present in water soluble components of the particles and to 

quantify their individual contribution in the overall PM oxidative potential.  

 

There have been issues also about the changes in chemical characteristics of organic 

compounds by using thermodenuder for sampling the semi-volatile species. A detailed 

discussion of these heating effects on the particle composition can be found in 

Denkenberger et al.,  (2007). In general, accelerated kinetics at high temperatures may 

lead to the formation of oligomers inside thermodenuder. This would mean that 

thermodenuders might introduce an artifact by altering the chemical characteristics of the 

organic compounds in addition to thermal stripping. Considering these issues, we 

recommend to develop a vacuum based denuder for stripping the semi-volatile 

compounds from PM matrix, such that the chemical characteristics of both volatile and 

non-volatile species remain preserved.  

 

Lastly, we recommend that in addition to the in-vitro evaluations as conducted in our 

investigation, in-vivo studies will also be useful in addressing the importance of semi-

volatile and non-volatile PM fractions from the perspectives of their distinct toxicity 

profiles. As previously mentioned, DTT assay measures the oxidative potential of organic 

compounds by their capability to generate superoxide radicals in a reaction between DTT 

and oxygen. Although attenuation of DTT activity with aerosol heating demonstrates the 
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significant contribution of semi-volatile organic compounds to the PM oxidative 

potential; superoxide radicals formed in the oxidation reaction can interact with transition 

metals, also present in PM, to generate hydroxyl radicals. Thus, for a comprehensive 

assessment of the relative toxicity profiles of semi-volatile and non-volatile components 

and their overall contributions to the PM toxicity, further mechanistic research is needed, 

including in-vivo exposure studies focusing on these two categories of PM.  
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