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ABSTRACT

Weruka Rattanavaraha

The Reactive Oxidant Potential of Different Types of Aged Atmosphertcies:
An Outdoor Chamber Study

(Under the direction of Prof. Richard M. Kamens)

The main objective of this study was to determine the reagkiygen species (ROS)
potential of aged diesel exhaust PM and other aged aerosol systehes presence and
absence of an urban hydrocarbon environment. The experiments were perforar@t0 imi
dual outdoor Teflon film chamber. Filter samples were taken gsadke oxidant generation
PM by the optimized dithiothreitol (DTT) method. Diesel exhaust ikdd a higher ROS
response when it was in the presence of an urban hydrocarbon nairtureas associated
with Oz production. Other particle systems were also investigated. RIO% was observed
in most of the nighttime experiments, including the nighttime system o8 O; and SQ
aged by itself. However, when all the systems were compaged, diesel exhaust tended
express very high ROS potentials, with iginene+toluene+ urban HC mix giving the

highest response.
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CHAPTER |

INTRODUCTION

The positive associations between ambient air particulate rn¢Bt#) and adverse
health outcomes are supported by several studies (Pope et al., 2004 awictinal., 2000).
The mechanisms of PM-related health effects have not been expleliealy, but an
outstanding hypothesis is that many of the adverse health effegtdamae from oxidative
stress (Cho et al., 2004). The initial steps in the induction of oxidatress result from
exposure to PM and the subsequent generation of reactive oxygen gp€ats Within
affected cells, ROS, as the initial step in the induction of axelastress, are formed
through the reduction of oxygen by biological reducing agents such asndinide Adenine
Dinucleotide (NADH) and Nicotinamide Adenine Dinucleotide Phosphat@@mH), with
the redox-active chemical species and catalytic assistaneleatfon-transfer (Dellinger et

al., 2001; Squadrito et al., 2001; O’Brien, 1991; Brunmark and Cadenas, 1989).

There is growing evidence that ROS have adverse effects on @dAessential
macromolecules (Xia et al., 2006; Park et al., 2005; Kim et al., 2004)hémstudy shows
that atmospheric PM and its components have the potential to intgtfactirway epithelial
cells and macrophages to generate reactive oxygen speciey (@B have been linked to
respiratory inflammation and other adverse health effects (Clab.,eR005; Nel, 2005).

Under the hypothesis that oxidative stress represents a relegahamsm of toxicity, the



measurement of ROS-forming ability is a key factor to contedlox-active PM at the

beginning step, before health effects can be induced.

The dithiothreitol (DTT)-based chemical reactivity was congideas a quantitative
method for the assessment of the capacity of a PM sample aiyzeaROS generation.
Cho et al. (2005) demonstrated that the DTT assay can provide a goawrenafathe redox
activity of particles by determining superoxide radical formatloret al. (2003a) showed
that the consumption rate of DTT by PM samples is directlyalo the particles’ abilities
to induce a stress protein in cells. Kumagai et al. (2002) have deatedsthat when the
reaction is monitored under conditions of excess DTT, the redox-agtivene 9,10-
phenanthraquinone can effectively catalyze the transfer of eledbamsDTT to oxygen,
generating superoxide. The rate of DTT consumption is proportional totteentration of
the catalytically active redox-active species in the sailffijidpire 1); this kinetic analysis has
been applied to diesel exhaust and PM samples. An interesting fiskdowged that the
catalytic capabilities of each sample correlated with hemggemase-1 induction and

glutathione depletion (Li et al., 2003b).

Despite recent advancements in ROS analysis, the aerosol compoangsitsy the
formation of ROS remain unclear. PM constituents that have been cexdside major
driving forces for ROS formation include organic species, transitietals, and polycyclic

aromatic hydrocarbons (PAHSs) (Cho et al., 2005; Li et al., 2003a).

One of the major discoveries of the Southern California Pa@ietger and Supersite
(2004) has been that PM contributes to adverse cardio-respirategfseffased on their

ability to induce oxidative stress through the ROS formation. The ability afoRiénerate
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Figure 1. Chemical reaction between DTT and oxygen with PM as a catalyst
(Cho et al., 2005).

ROS derives from chemical constituents, including organic molecahels metals, in
combination with the particle matrix (Cho et al., 2004). The link betw&d components
and their toxicity provides a particularly useful metric toolderosol monitoring, as there is
wide agreement among the air pollution community that not all p¥dies are equally toxic
(Hu S. et al.,, 2008). Much research has attempted to link health seffectoxicity
measurements with particle characteristics, such as pasirde number concentration and
chemical composition. Ntziachriotos et al. (2007) showed a stalligtisggnificant
correlation between DTT and organic carbon (OC) levels in PM, sagripbm various sites
throughout the Los Angeles Basin. Their results showed that the oanmonent of the

PM samples is an important factor in determining redox actiVitg positive correlations in



their study suggested that both carbon and organic compounds are impottaatredox
activity of PM (Ntziachriotos et al., 2007). The positive DTT datren with OC is evident,

even within each particle size mode (Vishal et al., 2009).

However, a limited number of chemical agents are capable afetlision including
organic compounds such as PAH-quinones (O’Brien, 1991). Quinones present &m Rkt ¢
as catalysts to produce ROS directly and may be major compound4-liaded oxidative
stress (Penning et al.,, 1999). Quinones contained in diesel exhaudepdBEP) were
reduced by one electron by NADPH-cytochrome P450 reductase, leadingn to a
overproduction of superoxide and hydroxyl radicals (Kumagai, 1997). Ntziazhrabtal.
(2007) found that DTT activity did not correlate with any of the inorapecies, including
metals. In contrast, some papers showed the potential link betwedilthend metal,
especially transitional metal (Jeng, H. A. 2009; Hu S. et al., 2008)et#owtheir results

were not finalized and thus not yet included in the scope of consideration in this paper.

Due to the complex chemical compositions of PM, the specific abldifferent
particle species in inducing oxidative stress is still not wallerstood. Accordingly, this
study attempts to characterize the particles with regartieio overall activity instead of
attempting to isolate compounds of known chemical and biological reépctSince the
major source of PM were dominated from vehicle emissions, includesgldvehicles, the
health outcomes of Diesel Exhaust Particles (DEP) exposuid arerest in many studies.
For example, DEP-induced oxidative stress generates a hiegdrefffiect in pulmonary

alveolar macrophages and bronchial epithelial cells (Li et al., 2002a, 2002b).



To gain greater insight into how toxicity of DEP is developed, ghjger attempts to
determine the circumstances that affect the redox activitPBiP. The major experiments in
this paper were performed as follow: real diesel exhaust PM expdsimvere conducted in a
270 n? dual Teflon film chamber under natural sunlight. One side of the chiam@seused
to produce an aged diesel exhaust with urban hydrocarbon system, and sidetltérthe
chamber was used to test an aged diesel exhaust without urban Hyanosgstem. The
research focus was to determine whether diesel exhaust in semgeeof urban hydrocarbon
system has higher redox activity than in the absence of urban hymbmcarstem by using
the optimized DTT method. To place the DEP experiments in pergp#te ROS response
of a number of different particle systems were also investigdn the future, this approach
might be used to help determine the relationship between the plofsicaical

characteristics of PM and toxicity.



CHAPTER I
EXPERIMENTAL SECTION
Smog chamber

Experiments were conducted in a new outdoor dual Teflon film chaatbére
University of North Carolina Ambient Air Research Facilityan®ittsboro (Figure 2). This
dual chamber is a Quonset hut, with a width of 8.53 m, a length of 9.aBdra height of
3.89 m. A suspended 5 mil FEP Teflon film (type C) curtain (Livioigs Plastics, Charlotte,
NC) bisects the chamber to form two chamber halves. By canmemine chamber half is
called North and has a volume of 138, mnd the other is named South and has a volume of
138 nt. Sampling takes place through manifolds that run directly tbaatory beneath the
chambers, and aerosols in the chamber travel ~1.5 m before reasdmogpl sizing

instruments and a filter sampler.

Figure 2. UNC Aerosol Smog Chamber



Chamber experiments with diesel exhaust were conducted under satlight and
clear skies, with temperatures ranging throughout the day from 279 ta Jog&kchamber
was purged with rural background air prior to the experiment. Dpasgtles and associated
gases were generated from a 1980 Mercedes Benz 300SD engine, @hiolnning under
idling conditions. Simultaneously, they were injected into both the NoadhSauth sites of
the chamber directly via a split metal manifold. Diesel fuelswpurchased from a
commercial fuel station in Chapel Hill, North Carolina. After thiection of diesel exhaust
into the chamber, 8 ppmC of the gas-phase UNC mix was injectedhmtselected side,

South, from a high pressure cylinder; the composition of the UNC mix is given in Table 1.

Table 1.UNC Mix Composition

Compound Name Percent Carbon Composition
isopentane 14.8
n-pentane 25.3
2-methyl-pentane 10.0
2,4-dimethyl-pentane 8.6
2,2 ,4-trimethyl-pentane 12.0
1-butene 2.5
cis-2-butene 3.1
2-methyl-butene 3.5
2-methyl-2-butene 3.2
ethylene 11.7
propylene 5.2

The UNC mix is an eleven-component gas-phase mixture of hydrocausedsto

simulate the hydrocarbons commonly found in an urban environment. The chansber wa



mixed for two minutes with the internal chamber fans running, and beefahs were shut
off. Other particle systems were generated in the chamberdxt diddition of liquids in a
dry nitrogen stream. These included toluene, xyleneginene, and cyclohexane. Other
gases such as nitric oxide (NO) or sulfur dioxide (SO2) weredaiden high concentration

tanks.
Sampling and preparation

Particles from the chamber were collected onto 47 mm Teflass fiber filters
(T60A20, Pallflex Product Corp., Putnam, CT) at the designed timeO®a420 minutes at
a flow rate of 20 L mif. The sampling flow rate was calibrated with a dry flow mete
Filters were weighed before and after sampling using a miemot® (MT/UMT balances,
Mettler Toledo GMbH, Switzerland) to determine the mas$iefcollected PM. At the end
of each experiment, each sample was placed in a small aralserjgr equipped with a

Teflon airtight lid and transported to UNC in the dark & @® prevent photo-degradation

and volatilization of the sample compounds. Prior to weighing, filese stored in the
temperature room to ensure removal of particle-bound water. Labofdter blanks were
also weighed before, during, and after each weighing sessionitp thex accuracy and

consistency of the microbalance.

Filters were extracted by 5.0 ml high purity methanol (A432PL.C Grade, Fisher
Scientific, NJ, USA) by sonication for 30 minutes. All partiatesthe filters and substrates
were subject for removal. Extracted samples were filteredybnge filters (0.2 um PTFE
membrane, Advantec MFS, Pleasanton, CA) and were concentratedntb usihg a gentle

dry N, stream.



Materials and instruments

During the experiments, nitrogen oxides (N@nd ozone () were monitored using
a chemiluminescent NOmeter (9841A Teledyne Instruments Monitor Labs, Englewood,
CO) and a UV @ meter (49 Thermo Electron Instruments, Hopkinton, MA).xN@d Q
were calibrated by gas-phase titration (GPT) using a Ni&Jeable NQ calibration tank.
Chamber relative humidity was measured by a Relative Humididlyzer (Sable Systems
RH-100, Las Vegas, NV, USA). Solar irradiance was measuidd avBlack & White
Pyranometer (Eppley Laboratories, Model 8-48, RI). Particlediszgebution (0.14-0.7 um)
was monitored with a Scanning Mobility Particle Sizer (SNM#®S6 TSI, Shoreview, MN,
USA), which consists of a Differential Mobility Analyzer (T&ong DMA, 3081, MN,
USA) and a Condensation Particle Counter (TSI CPC, 3025A, MN, USA).agéhesol

sampling flow rate was 0.3 L mifrand the sheath flow rate was 3.0 L thin
DTT method standard procedure

The DTT assay provides an estimate of the redox activity sdmple based on the
ability of the PM to catalyze electron transfers betweeil Biid oxygen in simple chemical
systems (Li et al., 2008). The electron transfer is monitorechéydte at which DTT is
consumed under a standardized set of conditions, and the rate is propddiote
concentration of the catalytically active redox-active spgedre the PM sample. This
chemical assay measures the consumption of DTT that is capabtpiaotitatively

determining superoxide radical formation as the first step in the generalRinSf

Kumagai et al. (2002) have shown that redox-active compounds catalyze the

reduction of oxygen to superoxide by DTT, which is oxidized to its dikuliThe remaining

9



thiol is allowed to react with 5,5 -dithiobis-2-nitrobenzoic acid (BJNgenerating the
mixed disulfide and 5-mercapto-2-nitrobenzoic acid, which is detexiiby its absorption at

412 nm (Figure 3).

In the assay, Dithiothreitol (DTT) and 1,4-Naphthoquinone (1,4-NQ) werénetta
from Sigma Chemical Co. (St. Louis, MO). 5,5 -dithiobis-2-nitrobenagid (DTNB) was
obtained from Biosynth (Switzerland). All other chemicals usedewabtained from

commercial sources and were of the highest grade available.

The standard procedure DTT method is as follows: first, 1.0 lloM potassium
phosphate (pH = 7.4, containing 1 mM EDTA) was added to a 1.5 ml tessadmand, 50 ul
of 0.5 mM DTT were added to the test tube; then, 25-200 ul of PMatixin solution were
added to the mixture (or external standard: 25 ul of 0.01 riigLMINQ). After mixing the
mixture very well and placing the test tube in &3@ven heated for 30 min, 100 ul of 1.0
mM DTNB were added to the reaction solution and the absorption @b$)l2 nm was

measured by U-3300 Spectrophotometer Hitachi within 2.0 hours (Li et al., 2008).

10
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Figure 3. An example of UV-VIS absorption spectrum. Spectra were recoudet) a
Hitachi U-3300 spectrophotometer. TNB (2-nitro-5-thiobenzoic acidjetermined by its
absorption at 412 nm.

DTT method optimization

The electron transfer is monitored by the rate at which DTdorssumed under a
standardized set of conditions and the rate is proportional to the catioentof the
catalytically active redox-active species in the sample. rEleted reactions in the DTT
method are given in greater detail elsewhere (Li et al., 2008)eloptimized DTT method
(Li et al., 2008), the filters were extracted by water and coratedtby a gentle Nsteam. To
further improve the method, the filters were extracted by methasiagad of water, which
translated in to a significant reduction in the sample work up tifhe. details of the
extraction efficiency and loss during the concentration process forviaier and methanol

are presented in appendices A and D.

11



DTT activity and normalized index of oxidant generation and toxicity (NIOG)

In order to report and compare the DTT response in this stuyglewious research,
two standardized units were presented: DTT activity (nmol DTHR*pgPMY) and

normalized index of oxidant generation and toxicity (NIOG).

DTT Activity is expressed as the rate of DTT consumption peut@& per microgram

of sample, less the activity observed in the absence of PM.

Additional detail of NIOG is given by Li et al. (2008). BrieflMIOG is expressed as
the percentage of abs decrease ((Absbs )/Abg*100)) per minute (T) and per microgram
of sample (M), and then normalized by the index of oxidation geagaratid toxicity (I0G)

of 1,4 NQ (I0G 4-ng), Which is used as the external standard:

10G Abs, — Abs’
—_sample where [0G = (0—)* 100/(T = M)

NIOG = ,
AP T 106Gy 4 g Abs,

T is reaction time (min), M is sample mass (1), Albsthe absorption when no DTT was

reacted, and Abs’ is the absorption from the remaining DT after the aataljoix reaction.

12



CHAPTER 1lI
RESULTS AND DISCUSSION
Diesel exhaust chamber experiments

Figure 4 shows the behavior and timing for nitric oxide (NO), nitnod®xide
(NOy), nitrogen oxide (N¢), ozone (@) and diesel exhaust particle concentration in the
outdoor chamber for the experiment performed on April 28, 2010 under cleawisiky,
temperature ranging throughout the day from 279 to 301K. The backgraunwasOabout
16.7 ppb, NO 1.7 ppb, NCB.2 ppb, and the background aerosol mass concentration was 3
ig m°. Before injecting diesel exhaust, two background filter samples taken from each
side of the chamber. After the addition of Diesel exhaust approefynéug/m® of diesel
exhaust particles resulted in both sides. After the addition oflddebaust particles, the

UNC mix was injected into the chamber designated as the South chamber.

The concentration of NO, NCand NQ in both sides of chamber was relatively
stable from 06:00 until 07:30 am, as shown in Figure 4. These concentr@iddsimply
that no reaction or any obvious decay occurred in the short period keforgp. After the
sun rose at around 07:30 am, the concentrations of N@,&@ NQ changed due to photo-
oxidation chemistry in the N@OVOCs-Q; system. The faster NO/N@ecay was found in the

South chamber, as shown in Figure 4b.
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Figure 4. Diesel exhaust particles (DEP) experiments conducted in tRE U

outdoor chamber facility. (a) “North: Diesel only” means DEP \wgsg and reacting
without UNC mix under natural sunlight. (b) “South Diesel and UNC”migans UNC
mix was injected into the system and DEP was aging andngagith UNC mix under
natural sunlight. The experiment was conducted on Apr 28, 2010. The init@lnaiin

the system was 8 ppmC.
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However, the rates of ozone production were not equal between thgstems due
to the different initial amounts of VOCs in the chambers; theN\side had a lower rate of
ozone production due to lower VOCs concentration representative to theysteam, while
the South had a higher rate of ozone production. Noted that the diegsé gamcentration
in both chambers decreased during the experiment; this was due tonddatd particle

deposition to the chamber walls and floor.

Another daytime diesel experiment was conducted in the same metinpcdmd
performed previously, but with a lower initial UNC mix concentratippmC. This was
done to create two similar smog systems, but with one that gedetaghtly more O3 thatn
the other to see if a slight difference in O3 and associated bet@yior could be detected
with the DTT method. Figure 5 shows the behavior and timing for NQ, NO, O; and
diesel exhaust particle concentration in the outdoor chamber. The back@9ouad about
16.5 ppb, NO 1.5 ppb, NGB.0 ppb, and the background aerosol mass concentration was 2.8
Hg ni°. The initial diesel soot particle concentration was an ordeaghitude higher in the
experiment shown in Figure 4 so that we could insure that dilute anel coocentrated
particle loadings did not affect the DTT response. The chamber witltmlgd UNC mix

made 0.1 ppm ©and the one with the additional 1 ppmC of UNC mix made 0.2 ppm O

15
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Figure 5. Diesel exhaust particles (DEP) experiments conducted in

the€ UN
outdoor chamber facility. (a) “North: Diesel only” means DEP \agsg and reacting

without UNC mix under natural sunlight. (b) “South Diesel and UNC”migrans UNC
mix was injected into the system and DEP was aging andmgagtih UNC mix under

natural sunlight. The experiment was conducted on Apr 16, 2010. The init@lnXin
the system was 1 ppmC.
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Particle systems that generate Secondary Aerosols

To compare the relative ROS responses of diesel exhausteéantiokher particle
systems, a number of experiments were conducted in the above deshabdzbrs with SO
and background air, SG Oz under darkness, cyclohexane+$0;, NO+ UNC mix+
toluene, and UNC mix plus other compounds. These experiments were perftmmhe
research projects of other students in our research group, but provide anrgppt look

at other particle generating systems. Table 2 and 3 show the experimadtabns.

Filters were taken before and after the experiment. The praceiur this
observation was to use the ‘before’ experimental filters to septehe background aerosols,
and the ‘after’ experimental filters were sampled to invagtigedox activity of aerosols
after inducing by photochemical process. Sampling was designed fotof@ix hours of

collections after observing the maximum mass concentrations.
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Table 2 The conditions of gas-particle phase experiments

Experiment Chamber

8T

NO. Date Side Initial Concentration (ppm)
[NOx [UNC mix] [Toluene] [a-pinene] [xylene] [particle mass]
] (ppmC) (ppmC) (ppmC) (ppmC) (Hg/nT)
100809 North 0.2 3 1 - - 2.5
090209 South 0.2 3 1 - - 3.0
090409 South 0.2 3 1 - - 35
090509 North 0.2 3 1 0.10 - 3.0
090909 North 0.2 3 1 0.10 - 3.8
090209 North 0.2 3 1 0.05 - 2.5
090409 North 0.2 3 1 0.05 - 3.5
081909 North 0.2 3 - - 1(o-xylene) 3.2

081909 South 0.2 3 - - 1(p-xylene) 3.5



Table 3 The experimental conditions of different particle systems for the coraparidROS formation

6T

Details of Experimental
NO. Day/Night Time Name initial systems date
1 Nighttime SQ+0; 20ppb SQ, 1 ppm Q Jul 10, 2009
2 Nighttime Diesel without © 5x10"'nm’*/cm® Diesel 2008*
3 Nighttime SQdecay 20ppb SO Jul 10, 2009
4 Daytime Isoprene+ 2 ppmC Isoprene Jul 03, 2009
0.2 ppm NOx 0.2 ppm NOx
5 Nighttime Diesel with @ 7x10" nm’/cm?® Diesel 2008*
0.3ppmQ
6 Daytime NO,+UNC mix+ 0.2 ppm NQ Aug 19, 2009
o-xylene 3 ppmC UNC mix

1 ppmC o-xylene

*The experiments were conducted by previous study in our research group
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Table 3 The experimental conditions of different particle systems for the compariss@®formation

Details of Experimental
NO. Day/Night Time Name initial systems date
7 Daytime NOx+UNC mix+ 0.2 ppm NOX Aug 19, 2009
p-xylene 3 ppmC UNC mix
1 ppmC o-xylene
8 Daytime Isoprene+ 2 ppmC Isoprene Jul 03, 2009
0.1 ppm NOx 0.1 ppm NOx
9 Daytime Diesel without 3x10°nm*/cm’® Diesel Apr 28, 2010
high UNC mix
10 Daytime NOx+UNC mix+ 0.2 ppm NOx Oct 8, 2009

Toluene

3 ppmC UNC mix

1 ppmC Toluene




T

Table 3 The experimental conditions of different particle systems for the compariss@®formation

Details of Experimental
NO. Day/Night Time Name initial systems date
11 Daytime Diesel without 6x10"'nm*cm’ Diesel Apr 16, 2010
low UNC mix
12 Daytime Diesel with 6x10" nm*cm® Diesel Apr 16, 2010
low UNC mix 1 ppmC UNC mix
13 Nighttime Cyclohexane+ 1 ppmC Cyclohexane Aug 05, 2009
1 ppm SQ
SO+0s pp
1ppm Q
14 Daytime Diesel with 3x10"’nm*/cm?® Diesel Apr 28, 2010
high UNC mix 8 ppmC UNC mix
15 Daytime NG+UNC mix+ 0.2 ppm NOx Sep 05, 2009

Toluene-+-pinene

3 ppmC UNC mix
1 ppmC Toluene
0.1 ppmCoa-pinene




Assessment of aged diesel exhaust oxidant generation and toxicity via DTT

DTT response to the two dual experiments described in the previotisnsare
described below. In the first experiment (Figure 4 and 6) die$elust was aged in the
presence and absence of an urban type hydrocarbon mixture to investigentg active
(generated 0.72 ppmsPDand a less active photochemical system (0.1ppn ®igure 6
shows and increasing trend with time for the DTT response. Not®ifihktis reported in
NIOG units, which normalizes the DTT response to 1,4 napthaquinone. Tihkdi@sel
exhaust DTT response (Figure 6) was similar to a previous stitlydilute diesel exhaust
conducted by our group (Li et al, 2008). Also note that diesel exhausthrsy&iems had
high DTT responses relative to background aerosols that were presemtchamber before
the addition of diesel exhaust. As the two different diesel mystged in the chambers in
sunlight, the DTT potency of DEP dramatically increased. Thetsealso shown in Figure
6 demonstrate that the DEP in the presence of an urban type vieyahitecarbon mixture
(UNC mix) system is more potent than just diesel exhaush@uwitUNC mix) system toward
inducing oxidative stress as measured by DTT assay. The uspatfed t-test gave a P <

0.01. Since the probability is less than 0.05, the two systems differ signifieairtiy0.05.
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North Chamber (without UNC mix)

4 B South Chamber (with UNC mix)
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NIOG x 10°

Sampling Time

Figure 6. The comparison of oxidant generation and toxicity index (NIOG) leatwathout

the UNC mix in the system (North) and with the UNC mix in #hestem (South)
The experiment was performed on Apr 28, 2010. The error bars show a 95%ewoafi
interval.

This finding demonstrated that the initial amount of VOCs in tlséesys influenced
the redox activity of diesel PM. However, the exact mechanism and rate obpidattion on
inducing redox activity requires further study. Since the redox gcinireased with time,
as shown in Figure 6, the implication is that aging and photochemwmedgses have an

effect on inducing the oxidative capability of DEP.

The DTT- NIOG response for th&%experiment is shown in Figure 7. For each set
of the sampling period, the NIOG of DEP in the South was a bitldigher than in the
North, but it did not show a significant difference. This was probably tdune slight
difference of initial VOCs between the two sides of the chambiece diesel VOCs
dominated the VOCs in the both chambers give that more tham@a6 of DEP were

added to both chambers of the dual experiment. Given that differencg@&@&tion of the
23



DEP in the first experiment was associated with a difference0.6 ppm of @between the

two sides it is reasonable that a difference of 0.1 pprin@e 29 experiment between the
two chamber sides was too small to show an appreciable diffeneiR®S expression.
What is important, however is that aging diesel exhaust in surdeghths to dramatically

increase the ROS response of DEP by a factor of 2 to 3.

North Chamber (without UNC mix)

3. ®m South Chamber (with UNC mix)
2 I
I
14 I
0 I . | | .

Bkagd 06:00-08:00 08:00-10:00 10:00-12:00 12:00-14:00

NIOG x 103

Sampling Time

Figure 7. The comparison of oxidant generation and toxicity index (NIOG) leatwathout
the UNC mix in the system (North) and with the UNC mix in #stem (South)
The experiment was performed on Apr 16, 2010. The error bars show a 95%ewoafi

interval.

However, the results of this companion daytime diesel experimguoded the
major finding that the NIOG in both the North and South increased with. tThis

confirmed the previous observation that aged PM had more potential itmmmo&ROS than

fresh PM.
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Another metric for DTT response was also introduced where the eadiviies in
the units of nmole DTT per minute per microgram PM were estadi To facilitate
comparisons with other systems performed by other researchgrtse 8 shows the data of
Figure 6 using this metric. Arthur et al. (2004) observed that the peteot DEP redox
activity in the real atmosphere varied with location and with tikeation day, but the
receptor site had greater activity than the sources. Hightgatres found in an air pollution
receptor site at which photochemical oxidation of PM constituents ococddr. More
directly, the results of this present work is in agreement wh#h recent laboratory
experiments demonstrating that combining primary diesel partiakasozone (in order to
mimic atmosphere photochemical transformation processes) subbtamttences the redox

activity of the PM (Li et al., 2009b).

The photo-oxidation of reactive gaseous precursors may attribagdaic carbon
(OC) in the diesel induced PM, leading to higher redox activity. &asdier studies
confirmed that organics from photochemical processes drive the Bpdnee (Ntziachristos
et al., 2007a). The same paper also confirmed the earlier obsenthtbiise higher redox
activity in PM was found in the receptor area, meaning that photochlensaction can
increase the redox activity in PM. Regarding to the profile omited concentration shown
in Figure 4, the diesel-PM in this experiment had undergone secondawchdroical
processes, including gas to particle process, which can induce theaadaty of diesel-
PM. The strong influence of secondary photochemical sources duringeh@oah sample

in this study is evidenced by the concentration of ozogg (O
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0.006

North Chamber (without UNC mix

0.005
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Figure 8. The comparison of DTT activity (nmole DTT per minute per micogrPM)
between without the UNC mix in the system (North) and with th€€CUWhx in the system
(South).The experiment was performed on Apr 28, 2010. The error bars show a 95%
confidence interval.

Vishal et al.(2009) published their work showing redox activity medshyeDTT
assay was considerably higher for the samples collected duriafieanoon period (aging
DEP) than a morning period (fresh DEP), consistent with this preteiy, leading to one of
the most important findings—compounds associated with secondary aeraxhisgor by
photochemical processes in the afternoon period posses higher reday, antidithus are

more capable of generating free radicals and causing cell damigigéogical systems.

Correlation of redox activity with speciated PAHs of diesel extwust PM: The methanol
extracts of DEP samples of the Apr-28-experiment were alstyzada by GC/MS
(HEWLETT PACKARD; 5890 Serie Il Gas Chromatograph, 5971A MasscBet
Detector) to investigate the speciated PAHs. The correlatidnede samples and selected

PAHs were shown in Figure 9. Linear regression analysis wasdaut to investigate the
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association of the DTT and ROS activities. Table 4 shows a synmwhahe regression
analysis [i.e. slope, intercept and correlation coefficienty (B selected species. The listed
PAHs were selected for this analysis because they were founéasurable amounts in all
samples. As shown in Table 4, the DTT activities of diesel exlirswvere observed to be
negatively correlated with measured PAHs. This is in conteaptdvious studies showing
rather modest to strong positive associations between DTT adivityPAHs (Cho et al.,
2005; Niziachristos et al., 2007a), but in the agreement with the etasttrstudy (Vishal et
al., 2009). This points out that PAHs are not directly active in D§Sky Although PAHs
themselves do not contain the functional groups capable of catalyziogitfation of DTT,
their possible photo-oxidation during photochemical episodes in the agirmg peay
convert them to oxy-PAHs, quinones and intro-PAHs, which are alleagti DTT assay
(Cho et al., 2005), indicating the decrease of parent PAHs concentre¢iotime. However,
these oxygenated products, including quinones, were not quantified in themtpsasdy.
Nevertheless, the negative correlation of the measured PAHsD®ithactivity may be
explained by their lowered concentrations with the increasing time to possible
volatilization under higher temperature conditions in the afternoos.ithportant to note
that this volatilization may be followed by photo-oxidation to form oxygah&AHs (Vishal

et al., 2009), which contribute to the increase of DTT activity in aging diesalst PM.
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Figure 9.The correlation between samples in each period and the selected PAH atiocentr

Table 4. Summary of the regression analysis for the selected PAHs with DT§.level

Speciated PAHs R° Slopé Intercept
Phenanthrene 0.73 -5E-05 0.0047
Fluoranthene 0.77 -2E-05 0.0041
Pyrene 0.92 -3E-04 0.0047
Benz(a)anthracene 0.92 -4E-04 0.0051

2 Expressed as redox activity (nmol mjrg PM")

® Expressed as nmol mipng PM*
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It is importance to note low molecular PAHs such as naphthaleaeeaaphthene
were not observed in particle phase samples. This might rdiledatt that low molecular
weight PAHs were lost during the concentration process of anaf@astional observation

on PAHSs loss during the concentration process is shown in Appendix D.
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o
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3 . 7
E y = -5E-05x + 0.0047
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é 0.004 - R2=0.7279
c 2
< 0.003- .
=
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=
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Figure 10.The linear regression analysis of Phenanthrene and DTT activity

Figure 10 is an example of linear regression of Phenanthrene ah@diivity. The

same figures of other PAHs and DTT activity can be found in Appendix G.

Polycyclic Aromatic Hydrocarbons (PAHs) and DTT-responseTable 5 shows the NIOG
and DTT activity of internal standard PAHs (UL TRA Scientifiarc). The results showed a
low relationship between internal standard PAHs and DTT responsee Thafirm the

theory that PAHs actually do not contain functional groups that haveafieeity to reduce
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oxygen and form the superoxide radical anion. However, there are nuncgesusn the
larger molecular weight PAHs for quinone formation, and therefqraricular PAH may
lead to DTT activity that reflects a number of quinone isomennddrfrom the parent
compound. The relevant oxygenated and-or other redox active functional gratpuents
can be generated from the transformation of PAH via combustion, atmiesgiemistry or
in vivo biotransformation. Schuetzle et al. (1983) reported a wide rangergaiic
compounds generated by vehicles, including PAH-quinones, PAH ketones
carboxaldehydes, all of which may be transformed to quinones via atmosgihemistry.
Other compounds that have potential DTT activity include aromatcP#ie groups, which

are also formed via atmospheric chemistry (Arey J., 1998).

Table 5. Coefficients of determination fRbetween the rate of DTT consumption and the
internal standard PAHs

Organic Species Unit of DTT consumption R*
Total measured PAHs NIOG 0.41
Total measured PAHs DTT activity (hmole DTT/min/ug PM) 0.45

This result confirms that PAHs are not redox active in the @¥3ay but must be
oxidized to other polar compounds, including quinones and possibly nitro-PAHsredde
active, as suggested by Arey J (1998); however, those products weassaesed in this

study.
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The comparison of NIOG between nighttime and daytime dieseéxperiments: The
original optimized DTT method was used previously to analyze the fR@ttion of PM in
nighttime experiments at UNC Smog Chamber by Li et al (2008)e @mcnormalized index
of oxidation generation and toxicity were applied, the results fraviqus studies can be

compared to the present work, as shown in Figure 11.
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without ozone with ozone without UNC mix with UNC mix
Samples

Figure 11 The comparison of oxidant generation and toxicity index (NIOG) leztwe
nighttime and daytime diesel systems: nighttime without and entime by Li et al. (2009);
daytime without and with UNC mix from this paper. The error sy a 95% confidence
interval.
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The comparison shows that the ‘Daytime with UNC mix’ has tlghdst ROS
formation, and the ‘Nighttime without ozone’ mix has the lowest R@@®ation. While the
‘Nighttime with ozone’ tended to mimic real atmospheric photooxidatawer NIOG was

shown.

Secondary aerosols and DTT potency

The results in the previous sections with diesel exhaust ledudasity of applying
DTT assay to analyze pure secondary aerosols. These expenmezatperformed for the
research projects of other students in our research group but provideddihples for ROS

analysis.

The Box and Whisker Plot (figure 12) shows the statistical data of 8@ ractivity
in the group for the same experiments. There were four groups feathe experiments:
“No additional VOCs” represented the system that had toluene and kiConly;
“Additional 0.1 ppmCa-pinene,” “Additional 0.05 ppmG&@-pinene” and “0.1 ppmC xylene
without toluene” and the number of samples (n) in each group were: 3, g 2,a
respectively. The o- and p-xylene showed the same NIOG, thusplet grouped their

results together representative to xylene as VOCs in the system.

Figure 12 showed the result that the system of additional 0.1 pppi@ne had the
highest redox activity of SOA, and the SOA from the system of 1(Qppgiene without
toluene had the lowest redox activity. These results might beireglay the difference in
initial amounts of VOCs, as discussed in the earlier section. Also, tkeediffconstitution of
VOCs may affect the photooxidation process, leading to the diffeiermmeglox capacity of

SOA. The potential redox activity of SOA is however not fully corgle this study.
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Further investigation on significant correlation between SOA and R@M%ation associated

with mechanisms and characteristics of SOA are therefore required.

6.E-03
0% —
4.E-03 A
. |
O 3.E-034
] 1]
2.E-03 1 J ;
L
1.E-03
0.E+00 T T T s
No additional VOCs Additional 0.1 ppmC  Additional 0.05 ppmC 0.1 ppmC xylene without
a-pinene a-pinene Toluene
Experimental Condition

Figure 12 The Box and Whisker Plot of grouped SOA redox activity: “No additional
VOCs” refers to the system of NOx and UNC mix only. Additiagdinene means the
system of NOx+UNC mixet-pinene. “Xylene without toluene” refers to the system of
xylene and UNC mix without toluene.

The comparison of ROS formation from different particle systems

By normalizing the DTT response of PM, the comparison of ROS famétom

different particle systems can be compared, as shown in Figure 13.
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Figure 13.The comparison of ROS formation as an end point under a number of different pantestessysitial conditions are given
in Tables 2 and 3



The comparison of ROS formation under a number of different pasiistems was
shown in Figure 13. The range of overall NIOG was 0.001 to 0.004. The “@aytim
NO+UNC mix+Toluenet-pinene” had the highest ROS formation. The lowest ROS
formation was found under the system of nighttime 8@h Os. In most of the nighttime
experiments, a low potency to generate ROS was observed, excéipé inighttime
cyclohexane, ozone and sulfurdioxide gp®ystem. Without diesel exhaust, the top three
systems generating the most ROS formation were: the “dajitpgeUNC mix+Toluene#.-
pinene”; the “ nighttime cyclohexane, ozone and sulfur dioxide)(S@stem”; and the
“daytime NQ, UNC mix, and toluene”, respectively. However, the diesel exhaustlpar

systems were observed very high oxidative potentials.

Limitations of DTT assay method

1. Requires high quantities of PM mass. DTT response is alsoigensitmass, thus the
same range of sample mass should be considered prior to conductimgniiimg. In
this study, the SMPS and DMA were useful instruments to estithateluration for
sampling time to get enough mass as expectation.

2. The extraction solvent: if DI water (polar as methanol) is ugedvery common
approach), insoluble PM bound species, which may be toxicologically impovdl
very likely not be extracted. To overcome this problem, organic soh&rmh as
dichloromethane (non polar) have been used. The removal of the organic $slvent
however necessary prior to the assay because the solvent ageffive a false positive
response to the DTT. Thus, this paper continues used the polar solveuti@xt
(methanol) based on the assumption that the major component in the bleod syst

water, which is also a polar solvent.
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3. The sonication process itself may introduce sampling biases, includammnplete
particle removal or physical changes (agglomeration, possiblygtegagion), as well as
altering the chemical properties of PM.

4. Quartz filters tend to break up into fibers that need to be removeskpadated from the
PM suspension, thus the Teflon filters were used in this studymaate the breakup of

filters.

Conclusion

In this study, the optimized DTT assay was applied to analyzestiox activity of
diesel-induce PM in two situations under natural sunlight in a smaghsgra (1) with and
(2) without UNC Mix. The diesel exhaust with UNC mix simulatlkd system of inducing
diesel redox activity under an urban hydrocarbon mixture, while thel @ielsaust without
UNC mix was used to demonstrate the area of less urban hydrogasihation. The results
show that diesel exhaust PM had high oxidant generation in both withigr@adittUNC mix
situations relative to background aerosols. This finding can be exgprasshe toxicity of
diesel itself at the beginning of the experiment. Interestirtgly,diesel exhaust PM with
UNC mix had a higher redox activity than diesel exhaust PM witbdl@€ mix in each time
period, resulting from the different initial amount of VOCs in tistesm inducing different
atmospheric photochemical rates. The other major finding in the ssuthai the redox
activity of diesel exhaust increased with time, indicating #ged diesel exhaust particles
(DEP) have higher potential redox activity than fresh diesel ekh@me of the reasons
attributing to the difference in inducing reactive oxygen spe&é€xS| is the photochemical
process; however, the exact mechanism and effect of the photo-oxidate on inducing
redox activity requires further study.
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Attempting to relate the speciated PAHs in the samples & f@nation indicated
negative correlations, which meant that PAHs were not activd Todrectly; PAHs need to

be proceeded to be other DTT active products.

Taken together, these results lead to the conclusion that althougdrypparticles
have the capability of generating free radicals, their photo-ogitgiroducts’ secondary
particles appear to be more potent in terms of generating oxigatess, which underscores

the importance of chemical transformations of primary emissions vathsgheric aging.

Accordingly, the application of DTT assay assessing redox cto¥iSOA under
different particle systems was first established in this paih regard to the opportunity in
sampling SOA from routine gas- particle phase experiments, @ fermations under a
number of different particle systems were compared. This findimgry important to answer
the question of which environments can induce ROS the most, leading toea leglth risk.
However, the conclusion of DTT and SOA was not finalized, thus furtivesiigation is
required for the correlation of significant findings of ROS foromatin different particle

systems.

Recommendations

Since the major sources of PM are normally dominated from vebioigsions,
including diesel vehicles, the study of diesel exhaust particldssipaper can be useful for
further research in relation to the biological effects beyondstate. Such research activity
would enhance the understanding of PM and health, particularly the questibetber PM-
induced health effects depend on the specific physical chemicalcthatics of the

particles and/or circumstances under which particles are generated.
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The DTT assay may be a useful tool in determining the relaiphetween sources
of PM and a chemical property important in their toxicity. PM gateel from different
sources such as household cooking, wood combustion, or natural fire, may hteesatdi
potency to generate reactive oxygen species (ROS), implicategequal severity of adverse

health outcomes.
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APPENDIX A
METHANOL AND WATER EXTRACTION EFFICIECNY

The efficiency of methanol and water extraction was observedpypidig the known
amount of 1, 4 NQ onto filters. Then, the filters were added 3 ml tfanel or water and
sonicated for 30 minutes. The comparison of calculated 1,4 NQ in D&Y tsslirect drop
of 1,4 NQ in methanol or water were approached as the extractioereff. The 1,4 NQ in

DTT assay were figured out by 1,4 NQ standard curve.

1.4 4
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1.0 |
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0.6 1
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Figure A-1. The 1,4 NQ calibration curve in DTT assay

The efficiency of methanol extraction wak8.56 + 6.49

The efficiency of water extraction wa46.17 + 8.46

The efficiency was expressed as me&D
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APPENDIX B
COMPONENT INFORMATION OF PAH MIXTURE

Table B-1 Component information of PAH mixture (UL TRA Scientific, Inc.) using as
internal standard for PAHs loss during concentration process and PAHs-DTT eespons

Analyte Molecular Weight Concentration (mg/ml)
Acenaphthene 154 1,000
Acenaphthylene 152 1,000
Anthracene 178 1,000
Benz(a)anthracene 228 100
Benzo(b)fluoranthene 252 100
Benzo(k)fluoranthene 252 50
Benzo(ghi)perylene 276 100
Benzo(a)pyrene 252 100
Chrysene 228 100
Dibenz(a,h)anthracene 278 100
Fluoranthene 202 100
Fluorene 166 1,000
Indeno (1,2,3-cd) pyrene 276 100
Naphthalene 128 1,000
Phenanthrene 178 1,000
Pyrene 202 100
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APPENDIX C

PAHS CALIBRATION CURVE
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Figure C-1. The retention time of internal standard PAHs (UL TRA Scientific, Inc.),
analyzed by GC/MS
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Figure C-2 The calibration curve of Napthalene in PAHs mixture standard

41



16 -
14

12 ~

10 - *

y = 6E-07x - 2.792
R2=0.9912

Conc (ug/ml)

2 -

0 T T T 1
0.0E+00 1.0E+07 2.0E+07 3.0E+07 4.0E+07

Abundance

Figure C-3 The calibration curve of Acenapthylene in PAHs mixture standard
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Figure C-4 The calibration curve of Acenapthene in PAHs mixture standard
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Figure C-5The calibration curve of Fluorene in PAHs mixture standard
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Figure C-6 The calibration curve of Phenanthrene in PAHs mixture standard
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Figure C-7 The calibration curve of Anthrcene in PAHs mixture standard
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Figure C-8 The calibration curve of Fluoranthene in PAHs mixture standard

44




12 A

10 +

Conc (pg/ml)

2

0

2

y = 3E-06x - 1.6692
R2=0.9745

0.0E+00

1.0E+06 2.0E+06 3.0E+06 4.0E+06 5.0E+06 6.0E+06

Abundance

Figure C-9 The calibration curve of Pyrene in PAHs mixture standard
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Figure C-10The calibration curve of Benz(a)anthracene in PAHs mixture standard
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APPENDIX D

LOSS OF PAHS DURING CONCENTRATION PROCESS
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Figure D-1. Percentage of PAHSs loss during concentration process, analyziGgmhysS.
The bars were arranged in order of chemical molecular weighttfirereast (naphthalene) to

the highest (benzo(a)pyrene). The error bars shows standard error ¢E). of

Loss of PAHs during concentration process was demonstrated by auognpiae
amount of PAHs in acetonitrile (ACN) before and after concentradtie solution from 3 ml
to 1 ml. The amounts of speciate PAHs were detected using gasatbgraphy mass

spectrometry (GCMS). Note from the figure that the loss dseseavith the increasing

molecular weight of PAHSs.
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APPENDIX E

THE DETAIL OF SAMPLES

Table E-1. The details of diesel exhaust daytime experimental samples. The expeaviasent
conducted on Apr 28, 2010.

Mass on

Sample Detail Sampling Time  the filter
(ug)
Bkgd N1F Background sample from north chamber 03:00 am — 05:30 aré2

Bkgd S1F Background sample from south chamber 03:00 am — 05:30 aB®
Expt N1IF1 Experimental sample 1 from north chamber  06:00 am — 08:00 ar32
Expt SIF1 Experimental sample 1 from south chamber  06:00 am — 08:00 &76
Expt N1F2 Experimental sample 2 from north chamber  08:02 am — 10:00 ar263
Expt S1IF2 Experimental sample 2 from south chamber  08:02 am — 10:00 &7
Expt N1F3 Experimental sample 3 from north chamber  10:02 am — 12:00 pr258
Expt SIF3 Experimental sample 3 from south chamber  10:02 am — 12:00 96
Expt N1F4 Experimental sample 4 from north chamber  12:02 pm — 14:00 pra49

Expt S1IF4 Experimental sample 4 from south chamber  12:02 pm — 14:00 8#7
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APPENDIX F

DTT CALIBRATION CURVE
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Figure F-1.The DTT calibration curve using in calculating DTT activity (nmole of DTT
min™* ug PM") of the samples.
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APPENDIX G

LINEAR REGRESSION ANALYSIS OF SPECIATED PAHS AND DTT
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Figure G-1 The linear regression analysis of Phenanthrene and DTT
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Figure G-2 The linear regression analysis of Fluoranthene and DTT
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Figure G-4 The linear regression analysis of Benz(a)anthracene and DTT
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