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Abstract 

Air pollution has been proved to be linked with adverse health effect through a large body of 

studies. This thesis focuses mainly on a major air pollutant, PM 2.5 (particulate matter with 

aerodynamic diameter less than 2.5µm), which has been associated with rising morbidity, 

increased possibility of obesity, respiratory diseases. The mechanism of how PM2.5 brings impact 

to human’s health has been studied intensively in recent years but the story behind it remains 

unclear. One hypothesis is that ROS (reactive oxygen species) catalyzed by ambient particulate 

matter will introduce excessive oxidative stress and further disrupt and destroy the cell. The thesis 

targeted to measure a specific ROS, hydroxyl radical (•OH) in dithiothreitol (DTT) assay. DTT 

assay has been a widely-used probe to measure the oxidative potential as it measures the 

consumption rate of DTT which presumably corresponds to the generation rate of a specific ROS 

- superoxide radicals (O2
•-). However, this conventional assay fails to capture the most damaging 

ROS – •OH. Rather than taking an indirect measurement of oxidative potential introduced by ROS, 

this study directly measured the generation rate of •OH. Sodium terephthalate, which is able to 

oxidize •OH forming 2-hydroxyterephthalic acid (2-OHTA) was chosen as the probe to measure 

the concentration of generated •OH. 2-OHTA, a fluorescent compound, can be easily measured by 

a spectroflurometer at a wavelength of 425nm with the excitation wavelength at 310nm. Several 

environment-related organic compounds (9,10-phenanthrenequinone, 5-hydroxy-1,4-

naphthoquinone, 1,2-naphthoquinone, 1,4-naphthoquinone) were tested to study the pattern of the 

generation of •OH. Metals such as copper(II), Manganese(II) and iron (II) which exist in the 

ambient particulate matter abundantly were also examined in this study. Surprisingly, different 

patterns were observed for both pure compounds and mixtures in DTT oxidation versus •OH 

generation. The efficiency order of quinones in •OH generation is 5H-1,4NQ>1,2-NQ>PQ>1,4-
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NQ, which is different from the efficiency order (PQ>5H-1,4NQ>1,2-NQ>1,4-NQ) in DTT 

oxidation. Cu(II), which is known to be a dominant metal in DTT oxidation at atmospherically 

relevant concentration (1µM) contributes almost negligibly to the •OH generation. Fe(II), which 

is mostly inactive in both DTT oxidation and •OH generation, with the presence of the other 

quinones it showed strong synergistic effect in •OH generation (mixture/sum = 1.6±0.2, 2.0±0.3, 

1.6±0.3 and 2.2±0.3 for PQ, 1,2-NQ, 1,4-NQ and 5H-1,4NQ, respectively). Fenton reaction is 

responsible for the synergistic effect observed, as superoxide radicals (O2
•-) formed by quinones 

are efficiently converted to •OH by Fe(II) through Fenton reaction. Ten ambient PM samples 

collected from an urban site were analyzed to investigate the correlation between DTT oxidation 

and •OH generation and no correlation was observed. The results show that DTT consumption and 

ROS-generation are two different aspects in DTT assay. Measuring both in the same assay is 

important to incorporate the synergistic contribution from different aerosol components and thus 

to provide a more comprehensive picture of the ROS activity of ambient aerosols.  
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1. Introduction 

Fine particulate matter (PM2.5) have been associated with adverse health endpoints in humans.1-4 

Since ambient PM composes of many constituents, the toxicity of PM is regarded as a multi-

faceted phenomenon.5 The toxicity of PM could be induced by the components either individually 

or synergistically. Most of the recent studies seem to propose the generation of reactive oxygen 

species (ROS) catalyzed by ambient particulate as the initiating step of the PM toxicity ladder.6-11 

Oxidative stress induced by PM causes disruptions in normal mechanisms of cellular signaling to 

many pathophysiological conditions in the body such as neurodegenerative and inflammatory 

diseases.12-15 

Recognizing the importance of how ROS catalyzed by ambient particulate affect human’s health, 

a variety of chemical probes have been developed to measure the oxidative potential of ambient 

particles.16-21 All these assays simulate the cellular environment to the maximum extent possible 

in a chemical system. Oxidative stress induced by PM could be measured through a variety of 

assays either directly or indirectly such as high-performance liquid chromatography,22 spin 

trapping, electron spin resonance spectroscopy,23,24 fluorescence based method25,26 or the 

measurement of rate of loss of antioxidants.17,27-29 Since Various particle components participate 

differentially in the reactions simulated by these assays, there is an inconsistent relationship 

between the chemical composition and measured assay response. For instance, ascorbate assay 

appeared to be responsive mostly to Cu18,29 while citrate assay is most sensitive to Fe,30 and in 

glutathione oxidation both Fe and Cu seem to play important roles.31 

DTT assay has been found to be responsive with a large pool of chemical components such as 

many aromatic hydrocarbons and two transition metals - Cu and Mn.32  One previous study33 
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measured a large number of PM samples in both DTT assay (DTT oxidation rate) and ascorbate 

assay (ascorbate activity) showed that while DTT activity was associated with three major 

emission sources, i.e. vehicular emissions, biomass burning and secondary formation, only 

vehicular emissions (a major source of Cu) was associated with the response of ascorbate assay. 

Moreover, DTT activity has been shown to be most associated biological endpoints 

[hemeoxygenase-1 (HO-1) expression, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) reduction activity, fraction of nitric oxide in exhaled breath, and increased relative 

risk for asthma/wheeze and congestive heart failure] in several toxicological,34 clinical8,35 and 

epidemiological studies.7,10 However, DTT assay is not able to capture the generation of hydroxyl 

radical which is of great importance in ROS cascade. •OH is the most damaging ROS,36 with an 

extreme short half-life (approximately 10−9 seconds) in vivo.37 In the conventional DTT assay 

protocol, only the decay rate of DTT is measured. The DTT oxidation rate presumably corresponds 

to the formation rate of O2
•-, without consideration of the formation of •OH. This could lead to a 

fatal disadvantage of DTT assay which causes an underestimation of the role of important metals 

such as Fe in DTT assay which is known to catalyze the ROS generation in biological system.38 

This thesis mainly focus on the formation of •OH in DTT assay to compensate for its limitation. 

To better understand the mechanisms of ROS generation, several quinones (PQ, 1,4-NQ, 1,2-NQ 

and 5H-1,4NQ) and metals [Mn(II), Fe(II) and Fe(III)] which are known to be present in the 

ambient PM were tested for their capability to generate •OH in DTT assay. The interaction between 

Fe and quinones was also investigated. To compare the ROS generation and DTT consumption, 

the rate of DTT oxidation was also measured both from individual compounds and ambient PM 

corresponds to •OH formation. The primary objective is to improve the capability of the DTT assay 
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to measure the ROS generation potential of ambient PM by incorporating the contribution from 

more PM components.   
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2. Experimental methods 

2.1 Reagents 

Dithiothreitol (assay: ≥ 98%TLC), 5,5’-dithiobis (2-nitrobenzoic acid) (assay: ≥ 98%), 9,10-

Phenanthrenequinone (assay: ≥ 99%), 5-hydroxy-1,4-naphthoquinone (assay: 97%), 1,2-

naphthoquinone (assay: 97%), 1,4-naphthoquinone (assay: 97%), potassium phosphate dibasic 

(assay: ≥ 98%), potassium phosphate monobasic (assay: ≥ 98%), iron(II) sulfate heptahydrate 

(assay: ≥ 99%), copper(II) sulfate pentahydrate (assay: ≥ 98%), and Manganese(II) chloride 

tetrahydrate (assay: ≥ 98%) were obtained from Sigma-Aldrich Co. (St.Louis, MO). Disodium 

terephthalate (assay: 99+%) was bought from Alfa Aesar Co. (Haverhill, MA). All the chemicals 

bought were of the highest purity available.  

 

2.2 Measurement of  •OH  

A fluorescence-based approach was used to measure the •OH generated in the DTT assay. The 

assay was developed based on previous study from Son et al.39 Four probes [disodium terephthalate 

(TPT), 3’-p-(aminophenyl) fluorescein, coumarin-3-carboxylic acid and sodium benzoate] for 

measuring the •OH catalyzed by ambient PM in the ascorbate assay have been analyzed in his 

study. Based on several criteria, the TPT was recommended as the most specific, stable and 

sensitive probe among the four probes.39  The same TPT approach was adopted in this thesis.  TPT 

was added in the reaction vial for capturing the •OH generated in DTT assay, which forms 2-

hydroxyterephtalic acid (2-OHTA). 2-OHTA is a highly fluorescent compound which can be 

easily measured by spectroflurophotometer.  The excitation wavelength for 2-OHTA is set at 

310nm wavelength and the emission intensity is measured at 425nm. Since the formation of 2-
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OHTA is proportional to the generation of •OH, the concentration of 2-OHTA is used to represent 

the formation of •OH in all the figures. 

 

2.2.1 Individual compounds or their mixtures  

The total reaction volume was 12mL and the reaction was incubated at a temperature of 37°C and 

pH of 7.4 (maintained by potassium phosphate buffer; 2mL) in a continuously shaken conical 

centrifuge vial (presterilized polypropylene tubes) using a thermomixer (Eppendorf). 1.2mL of 

1mM DTT (final concentration in the reaction vial = 100µM), 2.4mL of 50mM TPT (final 

concentration in the reaction vial = 10mM), 2mL potassium phosphate buffer and 6.4mL  sample 

(either individual quinones, Fe, Mn, Cu or their mixtures) constitutes the reaction volume. At 

designated time intervals (0, 30, 60, 90, 120, 180 minutes for quinones, Fe and their mixtures; 0, 

60, 120, 180, 240, 300 minutes for Cu and 0, 60, 120, 180, 240, 300,360,420,480 minutes for Mn), 

2mL of the incubating mixture was withdrawn and mixed with 1mL of the 100mM DMSO to 

quench the reaction. The emission intensity of the fluorescent product 2-OHTA was measured by 

a Shimadzu spectrofluorophotometer (RF-5301pc). Both of the excitation and emission slit widths 

were set at 5nm. Each test was accompanied with a blank (Milli-Q water; resistivity = 18.2MΩ 

cm), analyzed in the same way as sample, by replacing the sample volume with Milli-Q water. 

 

2.2.2 Ambient PM2.5 samples 

Ambient PM2.5 were collected using a High-Volume sampler (HiVol, Thermo Anderson, 

nondenuded, nominal flow rate 1.13m3min-1, PM2.5 impactor) from an urban site. The PM2.5 
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impactor is located on the roof with a height of approximately 30m from ground level of a parking 

garage. The parking garage which is adjacent to University Ave. (a major four-lane street in the 

town), is located in the northern part of University of Illinois Urbana-Champaign (UIUC) campus. 

The site is about 1km from downtown Champaign and is surrounded by dense housing and 

business development. Vehicular emission is expected to contribute significantly to the PM 

collected as slow moving traffic is typical during the rush hours. Besides, business development 

impacts the PM due to the construction activities. Particles were collected on prebaked (550°C) 

8’’x10’’ quartz filters (Pallflex Tissuquartz, Pall Life Sciences). From June27,2016 to August 

12,2016 ten samples along with field blanks were collected, date and time are given in Table 1 

(see below), each for an exact duration of 24 hours. After collection the filters were immediately 

kept in a freezer at temperature of -20°C. Within a week, the sample was analyzed for ROS 

generation and DTT oxidation. 

To measure the •OH generation from PM samples, twenty punches (each 1” diameter) were taken 

from the filter and extracted in 30mL Milli-Q water by sonication for 30 minutes. These extracts 

were filtered using PTFE syringe filters (0.45μm pore size; Fisherbrand). 6.4mL of extract was 

used for measuring the •OH and the rest for DTT oxidation, in the same manner as pure compounds. 

Each sample was analyzed with a corresponding blank filter extracted along with the PM sample, 

and all the data was blank corrected.   
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Table 1. Details of Ambient PM Samples Collection and Analysis 

 

 

 

 

 

 

 

 

2.3 DTT consumption rate 

The rate of DTT consumption for the samples (pure compounds, their mixtures, and the ambient 

PM samples) were measured by using an automated instrument developed in the aerosol lab at 

UIUC and based on the protocol discussed in Fang et al.19 The instrument adopts a two-step 

approach. In the first step, a mixture containing PM extract (3.5mL), DTT (0.5mL of 1mM solution, 

final concentration in the reaction vial = 100µM), and potassium phosphate buffer (1mL; pH=7.4) 

was incubated in a 15-mL conical centrifuge vial, kept in a thermomixer (550rpm and 37°C). In 

the second step, at specified time points (3, 19, 27 and 35 minutes), an aliquot (40μL) of the 

incubated mixture was withdrawn and mixed with DTNB (0.2mM, 0.5mL), to form 2-nitro-5-

thiobenzoic acid (TNB). The light absorption of TNB was measured at 412nm wavelength by a 

Liquid Waveguide Capillary Cell (LWCC-M-100; World Precision Instruments, Inc., FL, USA), 

coupled to an online spectrophotometer (Ocean Optics, Inc., Dunedin, FL, USA), which included 

Sample ID Start Time End Time Analysis Date 

1 07/27/2016 12:01pm 07/28/2016 12:01pm 07/29/16 

2 07/28/2016 12:50pm 07/29/2016 12:50pm 08/01/16 

3 08/01/2016 11:02am 08/02/2016 11:02am 08/03/16 

4 08/02/2016 11:50am 08/03/2016 11:50am 08/04/16 

5 08/03/2016 12:38pm 08/04/2016 12:38pm 08/06/16 

6 08/04/2016 13:38pm 08/05/2016 13:38pm 08/09/16 

7 08/08/2016 10:55am 08/09/2016 10:55am 08/10/16 

8 08/09/2016 11:49am 08/10/2026 11:49am 08/11/16 

9 08/10/2016 12:20pm 08/11/2016 12:20pm 08/12/16 

10 08/11/2016 13:05pm 08/12/2016 13:05pm 08/15/16 
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an ultraviolet–visible (UV–Vis) light source (Ocean Optics DH-Mini), and a multi-wavelength 

light detector (Flame).  
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3. Results and discussions 

3.1 Individual quinones 

Quinones and their derivatives are ubiquitous in the ambient atmosphere. Quinone has been 

approved to be highly efficient in DTT oxidation. Most studies show that primary quinones 

(contribute < 20%) do not contribute as significant as oxygenated derivative to the water-soluble 

DTT activity of ambient PM.32,40 Several quinones, e.g. 1,2-NQ, 1,4-NQ, PQ, 5,12-

Naphthacenequione (NCQ), Acenaphthequionone (ANQ) and Benzoanthraquione (BAQ)40 have 

been detected in ambient particles, but only 1,2-NQ, 1,4-NQ, and PQ have significant contribution 

to DTT activity at their atmospherically relevant concentration.  

Figure 1. Pattern of DTT oxidation and •OH generation (expressed in terms of the 

concentration of 2-OHTA) from various quinones 
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Currently, most of the studies examining the redox capabilities of quinones using DTT assay are 

focusing on the consumption rate of DTT. Some researches have measured either the rate of 

formation of O2
•- or hydrogen peroxide (H2O2).

41-43 However, there is no solid evidence showing 

the formation pattern of •OH is similar as other reactive oxygen species in DTT assay. Here we 

measured the rate of generation of •OH by quinones in the DTT assay. We tested on PQ, 1,2-NQ, 

1,4-NQ and 5H-1,4NQ as they showed significant contribution to DTT activity in previous studies.  

As shown in Figure 1, all four quinones are highly efficient in catalyzing the generation of  •OH 

in DTT assay. As a comparison between the pattern of DTT oxidation and •OH formation, the rate 

of DTT oxidation from these quinones is also shown in Fig 1. For  DTT consumption rate, the 

pattern of all these quinones can be approximated as linear line. However, for three quinones (1,4-

NQ, 1,2-NQ and PQ), the rate of •OH formation has an S-shaped curve. The S-shaped pattern is 

characterized by a slow formation rate at the beginning, followed by a sharp increase in the second 

phase. It eventually reaches a plateau when the concentration of •OH remain the same. Shang et 

al.44 and Sanchez-Cruz et al.45 have proposed the mechanism of metal independent formation of 

•OH from 1,4-NQ and PQ. Both of the studies suggested the formation of a semiquinone anion 

radical in the redox cycling of quinone.44,45 The semiquinone radical further triggers the reduction 

of H2O2 which is the major mechanism for •OH formation.44,45 In the initial phase, the •OH 

generation rate is comparatively slower possibly due to the relative lower concentrations of both 

of these intermediates. However, 5H-1,4NQ shows a different pattern form these quinones. The 

pattern could be characterized as an exponential curve without an apparent lag period in the •OH 

generation. 

Apparently, for the tested four quinones, DTT oxidation and •OH formation do not correspond 

with each other. PQ is the most efficient one among the four quinones in oxidizing DTT. However, 
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it does not appear to be the most efficient one in generating •OH. On the other hand, 1-4NQ is the 

least efficient in oxidizing DTT, although at the initial stage the formation rate of  •OH is slow, it 

eventually generates almost equal amount of  •OH as PQ. 5H-1,4NQ is the most efficient one in 

generating •OH, both in terms of the formation rate as well as the total amount.    

 

3.2 Role of iron  

Figure 2. Rate of DTT oxidation and •OH generation (expressed in terms of the 

concentration of 2-OHTA) from various quinones, Fe (II)/Fe(III) and their binary mixtures 

(i.e. PQ+Fe, 1,2-NQ+Fe, 1,4-NQ+Fe, and 5H-1,4NQ+Fe) 

 

Although DTT assay has been widely used, the assay has its limitation as it only showed sensitivity 

to a certain group of compounds. One of the criticisms of DTT assay is its poor sensitivity towards 

one of the most dominant metals – Fe, present abundantly in ambient PM, and known to catalyze 

the formation of ROS in biological system.46,47 Previous studies conducted using DTT assay have 

not shown an clear relationship between Fe concentration and PM catalyzed DTT oxidation. This 

phenomenon was further confirmed by Charrier et al.,32 where they measured the intrinsic potential 

of pure compounds of Fe [iron(II) sulfate and iron(III) chloride] to oxidize DTT. The studies 
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showed the contribution from pure compound of Fe [iron(II) sulfate and iron(III) chloride] was 

less than 5% in the overall DTT activity from ambient PM.32 

In this study, we measured the DTT activity and •OH generation from a binary mixture of 

Fe(II)/Fe(III) and individual quinones. The results approved the capability of the assay of capturing 

the role of Fe in ROS generation. To assess if the interaction of Fe and quinones has an additive 

or synergistic/antagonistic effect, the DTT activity and •OH generation were measured from pure 

FeSO4 solution. Although the pattern of •OH formation from most quinones is not linear, to 

compare the relative capability of different quinones in catalyzing the formation of  •OH, the •OH 

formation rate was calculated from the linear (mostly the middle portion of the S-shaped curve) 

region (Figure 1). These calculated slope for the mixtures and individual compounds are plotted 

in Figure 2. 

Apparently, the intrinsic DTT oxidation potential of Fe(II) is very low which is consistent with the 

Charreir et al.,32 studies. Even the least DTT active 1,4-NQ is approximately four times of Fe(II) 

in terms of DTT oxidation potential. Significant additive effect was observed in the mixture of 

individual quinones and Fe(II) (mixture/sum = 0.92±0.06, 0.87±0.13, 0.88±0.27 and 0.99±0.34 for 

PQ, 1,2-NQ, 1,4-NQ and 5H-1,4NQ, respectively). The •OH generation from Fe(II) is also very 

low which is well explained by its incapability to effectively oxidize DTT. However, in contrast 

to the incapability of Fe(II) both in oxidizing DTT and catalyzing the formation of •OH, the mixture 

of quinone and Fe(II) is highly efficient in generating •OH. Significant synergistic effect is also 

observed for most quinones (mixture/sum = 1.6±0.2, 2.0±0.3, 1.6±0.3 and 2.2±0.3 for PQ, 1,2-NQ, 

1,4-NQ and 5H-1,4NQ, respectively). The process can be characterized by two steps. In the first 

stage, DTT is oxidizied by quinones, generating O2
•-. In the following step, the mixture of Fe and 
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individual quinones converted superoxide radicals to hydroxyl radicals more efficiently than 

individual quinones due to Fenton reaction. The synergistic effect observed demonstrates that the 

assay is able to encompass the role of Fe in measuring the ROS activity of ambient PM based on 

DTT assay. 

 

3.3 ROS generation from copper 

Figure 3. Pattern of DTT oxidation and •OH generation (expressed in terms of the 

concentration of 2-OHTA) from Cu (II) 

 

 

Cu has a relatively high atmospheric concentration and has been proved to be the most active metal 

in DTT oxidation.32,48,49 Previous studies suggest that at San Joaquin Valley of California, Cu 

could be the most dominant species responsible for ambient PM-catalyzed DTT oxidation.32,48,49 
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To test if the DTT oxidation catalyzed by Cu(II) corresponds to the ROS generation. The •OH 

formation from Cu(II) in DTT assay was measured. In the experiment setup, we set two 

atmospherically relevant concentrations of Cu(II) (1 and 2μM). Fig 3 shows the DTT oxidation 

and •OH formation catalyzed by Cu(II) in DTT assay. There doesn’t seem to exist significant 

difference between difference concentration of Cu(II) in DTT oxidation rate. This could be 

explained by previous studies which indicated there was a non-linear relationship dose-response 

curve for Cu-led DTT oxidation.32 The DTT oxidation rate driven by Cu(II) will get saturated at 

high concentrations of Cu.32 However, two abnormal patterns emerge in the ROS generation. First, 

Cu at both of these concentrations is highly inefficient in generating the •OH in comparison to their 

efficiency in DTT oxidation. The •OH generation at 2μM Cu (II) concentration is only equivalent 

to 20nM of OHTA in 5 hours, and at 1mM Cu(II) concentration there is almost nothing. However, 

in comparison, 1,2NQ, which would have a similar DTT oxidation rate at 1/8th of Cu concentration 

(i.e. 0.25μM), generates about 180nM OHTA in less than 3 hours. The second abnormal pattern is 

there existing a long lag period (~2 hours) before •OH generation begins. To better understand the 

existence of the lag period, we first tested if O2
•- might be generated during the lag phase. The •OH 

generation from a binary mixture of Cu(II) and Fe(II) was measured in DTT assay to confirm that. 

As shown in Figure 4, the addition of Fe(II) has only a marginal effect, confirming that the Cu-led 

oxidation doesn’t lead to any significant ROS generation at atmospherically relevant 

concentrations of Cu. 
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Figure 4. Pattern of •OH generation (expressed in terms of the concentration of 2-OHTA) 

from a binary mixture of Cu (II) + Fe (II) 

 

The reason behind the long lag period in ROS generation from Cu is not entirely clear. previous 

studies by Kachur et al.50 have investigated the reaction mechanism of DTT with Cu. The reaction 

mechanism can be explained by a two-phase DTT oxidation process. In the first step, Cu forms a 

complex with DTT. Then the complex acts as a catalyst to oxidize free DTT without the generation 

of O2
•- or •OH.50 The second phase starts when all the free DTT is oxidized.50 The complex first 

disintegrates and then oxidizes the remaining DTT.50 During the process the oxygen is reduced to 

O2
•-, followed by •OH generation through Fenton-type reaction.50  
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3.4 ROS generation from PM samples  

Figure 5. Pattern of •OH generation (expressed in terms of the concentration of 2-OHTA) from 

PM samples in DTT assay 

 

To better understand the ROS generation pattern from ambient aerosols, ten PM2.5 samples were 

collected from an urban site for analyze. The ROS generation from PM samples were measured in 

DTT assay. As shown in Figure 5, the pattern of ROS generation from PM samples is highly linear 

(R2 for the linear fit = 0.96-0.99) without any lag period. This is different from most of quinones 

(PQ, 1,2-NQ and 1,4-NQ) which has a S-shaped curve but appears more like 5H-1,4NQ. The linear 

pattern of ROS makes it easier to compare the ROS generation potential from PM under various 

environmental settings and seasons.  
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Figure 6. Rate of DTT oxidation versus •OH generation (expressed in terms of the 

concentration of 2-OHTA) from PM samples 

 

 

Since DTT oxidation is a widely used method to estimate the ROS potential from PM, it is critical 

to test if measuring the •OH generation can provide additional information about the mechanism 

of ROS generation. To compare the DTT oxidation vs. •OH generation, the same PM extracts were 

analyzed for the DTT oxidation rates. As shown in Figure 6, the Pearson’s r is merely -0.04 which 

means there is no apparent correlation between DTT oxidation and ROS formation. The rate of 

•OH generation also has a wider range [Coefficient of Range (CoR=0.5)] than the DTT oxidation 

(CoR=0.3). These differences are possibly due to the additional compounds participating in 

generation of •OH than oxidizing the DTT. It suggests by measuring the •OH it might be able to 

apply the assay to a larger pool of PM components. 

 



18 

 

3.5 DTT consumption vs. ROS generation 

Our results essentially show that DTT consumption and ROS generation are two different aspects 

of the oxidative properties of ambient PM, and should not be equated. While certain PM 

components can effectively consume a particular antioxidant, the others could be more efficient in 

generating the ROS, as demonstrated through the DTT assay in our study. DTT assay is the most 

commonly employed method for measuring the oxidative potential of ambient PM. The assay has 

been in use for more than a decade and the rationale is its resemblance with the reaction occurring 

in cellular mitochondria where nicotinamide adenine dinucleotide phosphate (NADPH) is oxidized 

to generate O2
•-. Therefore, it is generally assumed that the rate of DTT oxidation in presence of 

ambient PM is proportional to the rate of ROS generation. Our results showing the dissimilar 

patterns of ROS generation vs. DTT oxidation challenge the generalizability of this assumption. 

The patterns could be a lot divergent for certain species such as Cu, which despite having a high 

DTT oxidation potential, leads to very little ROS generation.  

Measuring the ROS could be also implied to reassess the role of metals in DTT assay. DTT assay 

has been proved only to be sensitive to certain metals like Cu and Mn in previous studies. Fe, 

which is abundant in atmospheric ambient, does not show any ROS potential in conventional DTT 

assay. However, by measuring the •OH generation, most of the DTT consumed by Cu doesn’t lead 

to any ROS formation (neither O2
•- or •OH). At a concentration as high as 2μM, where the DTT 

oxidation is expected to be dominated by Cu, the contribution in •OH formation is negligible. Mn 

also has a similar pattern as Cu. At a concentration of 2mM, while Mn is able to oxidize DTT 

efficiently, there is no •OH detected in Mn-DTT system even after 8 hours. Consequently, toxicity 

of Cu and Mn based on their potential to oxidize DTT is misleading. As for Fe, which used to be 



19 

 

considered inactive in the DTT assay, contributes to enhance the •OH generation in presence of 

other PM components like quinones. That indicates all metals may have the potential to contribute 

to ROS formation through different modes directly or indirectly. For other transition metals as V, 

Cr, Co and Ni,51 a similar route of •OH generation might be possible and their contribution in the 

DTT assay needs to be reinvestigated. 

In comparison to DTT consumption, a clear distinction is that ROS generation measurements is 

effective to capture the synergistic interactions among PM components. Although the lack of 

synergistic effect in DTT assay is demonstrated only through the interaction of Fe and quinones, 

research conducted by Charrier et al.32 using binary mixtures of PQ, 1,2-NQ, Fe and Cu also 

showed either nil or very little interaction among these species in the DTT assay. Besides, studies 

measuring the ROS formation through other assay such as ascorbate, citrate, glutathione and uric 

acid, showed strong synergistic interactions among Cu, Fe, PQ and 1,2-NQ. The results in this 

thesis are in agreement with those studies, show that the capability of ambient PM to generate 

oxidative stress might be underrepresented by limiting the measurement only to the DTT 

consumption. 

In general, by measuring ROS it has the potential to encompass the role of some metals that are 

not inactive in conventional DTT assay. Different patterns in DTT consumption and ROS 

generation could provide a more comprehensive insight into the ROS potential of ambient 

particulates. Moreover, more comprehensive and systematic studies need to be conducted to 

narrow-down probable toxic PM components and understanding their synergistic/antagonistic 

interactions in their ROS potential.   



20 

 

References 

1.Brook, R. D.; Rajagopalan, S.; Pope, C. A.; Brook, J. R.; Bhatnagar, A.; Diez-Roux, A. V.; 

Holguin, F.; Hong, Y. L.; Luepker, R. V.; Mittleman, M. A.; Peters, A.; Siscovick, D.; Smith, S. 

C.; Whitsel, L.; Kaufman, J. D.; Epidemiol, A. H. A. C.; Dis, C. K. C.; Metab, C. N. P. A., 

Particulate Matter Air Pollution and Cardiovascular Disease An Update to the Scientific Statement 

From the American Heart Association. Circulation 2010, 121, (21), 2331-2378. 

2.Pope, C. A.; Burnett, R. T.; Thurston, G. D.; Thun, M. J.; Calle, E. E.; Krewski, D.; Godleski, J. 

J., Cardiovascular mortality and long-term exposure to particulate air pollution - Epidemiological 

evidence of general pathophysiological pathways of disease. Circulation 2004, 109, (1), 71-77. 

3.U.S. EPA 2009 Final Report: Integrated Science Assessment for Particulate Matter; 

EPA/600/R-08/139F; U.S. Environmental Protection Agency, Washington, DC: 2009. 

4.Zanobetti, A.; Coull, B. A.; Gryparis, A.; Kloog, I.; Sparrow, D.; Vokonas, P. S.; Wright, R. O.; 

Gold, D. R.; Schwartz, J., Associations between arrhythmia episodes and temporally and spatially 

resolved black carbon and particulate matter in elderly patients. Occup Environ Med 2014, 71, (3), 

201-207. 

5.Health Effects Institute Mechanisms of particulate matter toxicity in neonatal and young adult 

rat lungs; Boston, MA, 2008. 

6.Ayres, J. G.; Borm, P.; Cassee, F. R.; Castranova, V.; Donaldson, K.; Ghio, A.; Harrison, R. M.; 

Hider, R.; Kelly, F.; Kooter, I. M.; Marano, F.; Maynard, R. L.; Mudway, I.; Nel, A.; Sioutas, C.; 

Smith, S.; Baeza-Squiban, A.; Cho, A.; Duggan, S.; Froines, J., Evaluating the toxicity of airborne 

particulate matter and nanoparticles by measuring oxidative stress potential - A workshop report 

and consensus statement. Inhal Toxicol 2008, 20, (1), 75-99. 



21 

 

7.Bates, J. T.; Weber, R. J.; Abrams, J.; Verma, V.; Fang, T.; Klein, M.; Strickland, M. J.; Sarnat, 

S. E.; Chang, H. H.; Mulholland, J. A.; Tolbert, P. E.; Russell, A. G., Reactive Oxygen Species 

Generation Linked to Sources of Atmospheric Particulate Matter and Cardiorespiratory Effects. 

Environ Sci Technol 2015, 49, (22), 13605-13612. 

8.Delfino, R. J.; Staimer, N.; Tjoa, T.; Gillen, D. L.; Schauer, J. J.; Shafer, M. M., Airway 

inflammation and oxidative potential of air pollutant particles in a pediatric asthma panel. J Expo 

Sci Env Epid 2013, 23, (5), 466-473. 

9.Weichenthal, S.; Crouse, D. L.; Pinault, L.; Godri-Pollitt, K.; Lavigne, E.; Evans, G.; van 

Donkelaar, A.; Martin, R. V.; Burnett, R. T., Oxidative burden of fine particulate air pollution and 

risk of cause-specific mortality in the Canadian Census Health and Environment Cohort 

(CanCHEC). Environ Res 2016, 146, 92-99. 

10.Yang, A.; Janssen, N. A. H.; Brunekreef, B.; Cassee, F. R.; Hoek, G.; Gehring, U., Children's 

respiratory health and oxidative potential of PM2.5: the PIAMA birth cohort study. Occup Environ 

Med 2016, 73, (3), 154-160. 

11.Yang, A.; Wang, M.; Eeftens, M.; Beelen, R.; Dons, E.; Leseman, D. L. A. C.; Brunekreef, B.; 

Cassee, F. R.; Janssen, N. A. H.; Hoek, G., Spatial Variation and Land Use Regression Modeling 

of the Oxidative Potential of Fine Particles. Environ Health Persp 2015, 123, (11), 1187-1192. 

12.Emerit, J.; Edeas, A.; Bricaire, F., Neurodegenerative diseases and oxidative stress. Biomed 

Pharmacother 2004, 58, (1), 39-46. 

13.Esposito, K.; Nappo, F.; Marfella, R.; Giugliano, G.; Giugliano, F.; Ciotola, M.; Quagliaro, L.; 

Ceriello, A.; Giugliano, D., Inflammatory cytokine concentrations are acutely increased by 

hyperglycemia in humans - Role of oxidative stress. Circulation 2002, 106, (16), 2067-2072. 



22 

 

14.Reuter, S.; Gupta, S. C.; Chaturvedi, M. M.; Aggarwal, B. B., Oxidative stress, inflammation, 

and cancer How are they linked? Free Radical Bio Med 2010, 49, (11), 1603-1616. 

15.Uttara, B.; Singh, A. V.; Zamboni, P.; Mahajan, R. T., Oxidative Stress and Neurodegenerative 

Diseases: A Review of Upstream and Downstream Antioxidant Therapeutic Options. Curr 

Neuropharmacol 2009, 7, (1), 65-74. 

16.Charrier, J. G.; McFall, A. S.; Richards-Henderson, N. K.; Anastasio, C., Hydrogen Peroxide 

Formation in a Surrogate Lung Fluid by Transition Metals and Quinones Present in Particulate 

Matter. Environ Sci Technol 2014, 48, (12), 7010-7017. 

17.Cho, A. K.; Sioutas, C.; Miguel, A. H.; Kumagai, Y.; Schmitz, D. A.; Singh, M.; Eiguren-

Fernandez, A.; Froines, J. R., Redox activity of airborne particulate matter at different sites in the 

Los Angeles Basin. Environ Res 2005, 99, (1), 40-47. 

18.DiStefano, E.; Eiguren-Fernandez, A.; Delfino, R. J.; Sioutas, C.; Froines, J. R.; Cho, A. K., 

Determination of metal-based hydroxyl radical generating capacity of ambient and diesel exhaust 

particles. Inhal Toxicol 2009, 21, (8-11), 731-738. 

19.Fang, T.; Verma, V.; Guo, H.; King, L. E.; Edgerton, E. S.; Weber, R. J., A semi-automated 

system for quantifying the oxidative potential of ambient particles in aqueous extracts using the 

dithiothreitol (DTT) assay: results from the Southeastern Center for Air Pollution and 

Epidemiology (SCAPE). Atmos Meas Tech 2015, 8, (1), 471-482. 

20.Landreman, A. P.; Shafer, M. M.; Hemming, J. C.; Hannigan, M. P.; Schauer, J. J., A 

macrophage-based method for the assessment of the reactive oxygen species (ROS) activity of 

atmospheric particulate matter (PM) and application to routine (daily-24 h) aerosol monitoring 

studies. Aerosol Science and Technology 2008, 42, (11), 946-957. 



23 

 

21.Shinyashiki, M.; Eiguren-Fernandez, A.; Schmitz, D. A.; Di Stefano, E.; Li, N.; Linak, W. P.; 

Cho, S. H.; Froines, J. R.; Cho, A. K., Electrophilic and redox properties of diesel exhaust particles. 

Environ Res 2009, 109, (3), 239-244. 

22.Shen, H. Y.; Anastasio, C., A comparison of hydroxyl radical and hydrogen peroxide 

generation in ambient particle extracts and laboratory metal solutions. Atmos Environ 2012, 46, 

665-668. 

23.Arangio, A. M.; Tong, H.; Socorro, J.; Pöschl, U.; Shiraiwa, M., Quantification of 

environmentally persistent free radicals and reactive oxygen species in atmospheric aerosol 

particles. Atmos. Chem. Phys. 2016, 16, (20), 13105-13119. 

24.Janssen, N. A. H.; Yang, A. L.; Strak, M.; Steenhof, M.; Hellack, B.; Gerlofs-Nijland, M. E.; 

Kuhlbusch, T.; Kelly, F.; Harrison, R. M.; Brunekreef, B.; Hoek, G.; Cassee, F., Oxidative 

potential of particulate matter collected at sites with different source characteristics. Sci Total 

Environ 2014, 472, 572-581. 

25.Fuller, S. J.; Wragg, F. P. H.; Nutter, J.; Kalberer, M., Comparison of on-line and off-line 

methods to quantify reactive oxygen species (ROS) in atmospheric aerosols. Atmos Environ 2014, 

92, 97-103. 

26.Perrone, M. G.; Zhou, J.; Malandrino, M.; Sangiorgi, G.; Rizzi, C.; Ferrero, L.; Dommen, J.; 

Bolzacchini, E., PM chemical composition and oxidative potential of the soluble fraction of 

particles at two sites in the urban area of Milan, Northern Italy. Atmos Environ 2016, 128, 104-

113. 

27.Atkinson, R. W.; Samoli, E.; Analitis, A.; Fuller, G. W.; Green, D. C.; Anderson, H. R.; Purdie, 

E.; Durister, C.; Aitlhadj, L.; Kelly, F. J.; Mudway, I. S., Short-term associations between particle 



24 

 

oxidative potential and daily mortality and hospital admissions in London. Int J Hyg Envir Heal 

2016, 219, (6), 566-572. 

28.Fang, T.; Verma, V.; Bates, J. T.; Abrams, J.; Klein, M.; Strickland, M. J.; Sarnat, S. E.; Chang, 

H. H.; Mulholland, J. A.; Tolbert, P. E.; Russell, A. G.; Weber, R. J., Oxidative potential of ambient 

water-soluble PM2.5 in the southeastern United States: contrasts in sources and health associations 

between ascorbic acid (AA) and dithiothreitol (DTT) assays. Atmos Chem Phys 2016, 16, (6), 

3865-3879. 

29.Yang, A.; Jedynska, A.; Hellack, B.; Rooter, I.; Hoek, G.; Brunekreef, B.; Kuhlbusch, T. A. J.; 

Cassee, F. R.; Janssen, N. A. H., Measurement of the oxidative potential of PM2.5 and its 

constituents: The effect of extraction solvent and filter type. Atmos Environ 2014, 83, 35-42. 

30.Charrier, J. G.; Anastasio, C., Impacts of antioxidants on hydroxyl radical production from 

individual and mixed transition metals in a surrogate lung fluid. Atmos Environ 2011, 45, (40), 

7555-7562. 

31.Godri, K. J.; Harrison, R. M.; Evans, T.; Baker, T.; Dunster, C.; Mudway, I. S.; Kelly, F. J., 

Increased Oxidative Burden Associated with Traffic Component of Ambient Particulate Matter at 

Roadside and Urban Background Schools Sites in London. Plos One 2011, 6, (7). 

32.Charrier, J. G.; Anastasio, C., On dithiothreitol (DTT) as a measure of oxidative potential for 

ambient particles: evidence for the importance of soluble transition metals. Atmos Chem Phys 2012, 

12, (19), 9321-9333. 

33.Fang, T.; Guo, H.; Verma, V.; Peltier, R. E.; Weber, R. J., PM2.5 water-soluble elements in the 

southeastern United States: automated analytical method development, spatiotemporal 

distributions, source apportionment, and implications for heath studies. Atmos Chem Phys 2015, 

15, (20), 11667-11682. 



25 

 

34.Steenhof, M.; Gosens, I.; Strak, M.; Godri, K. J.; Hoek, G.; Cassee, F. R.; Mudway, I. S.; Kelly, 

F. J.; Harrison, R. M.; Lebret, E.; Brunekreef, B.; Janssen, N. A. H.; Pieters, R. H. H., In vitro 

toxicity of particulate matter (PM) collected at different sites in the Netherlands is associated with 

PM composition, size fraction and oxidative potential - the RAPTES project. Part Fibre Toxicol 

2011, 8. 

35.Li, N.; Sioutas, C.; Cho, A.; Schmitz, D.; Misra, C.; Sempf, J.; Wang, M. Y.; Oberley, T.; 

Froines, J.; Nel, A., Ultrafine particulate pollutants induce oxidative stress and mitochondrial 

damage. Environ Health Persp 2003, 111, (4), 455-460. 

36.Halliwell, B.; Murcia, M. A.; Chirico, S.; Aruoma, O. I., Free-Radicals and Antioxidants in 

Food and in-Vivo - What They Do and How They Work. Crit Rev Food Sci 1995, 35, (1-2), 7-20. 

37.Sies, H., Strategies of Antioxidant Defense. Eur J Biochem 1993, 215, (2), 213-219. 

38.Nyska, A.; Kohen, R., Oxidation of biological systems: Oxidative stress phenomena, 

antioxidants, redox reactions, and methods for their quantification. Toxicol Pathol 2002, 30, (6), 

620-650. 

39.Son, Y.; Mishin, V.; Welsh, W.; Lu, S. E.; Laskin, J. D.; Kipen, H.; Meng, Q. M., A Novel 

High-Throughput Approach to Measure Hydroxyl Radicals Induced by Airborne Particulate 

Matter. Int J Env Res Pub He 2015, 12, (11), 13678-13695. 

40.Verma, V.; Wang, Y.; El-Afifi, R.; Fang, T.; Rowland, J.; Russell, A. G.; Weber, R. J., 

Fractionating ambient humic-like substances (HULIS) for their reactive oxygen species activity - 

Assessing the importance of quinones and atmospheric aging. Atmos Environ 2015, 120, 351-359. 

41.Chung, M. Y.; Lazaro, R. A.; Lim, D.; Jackson, J.; Lyon, J.; Rendulic, D.; Hasson, A. S., 

Aerosol-borne quinones and reactive oxygen species generation by particulate matter extracts. 

Environ Sci Technol 2006, 40, (16), 4880-4886. 



26 

 

42.Kumagai, Y.; Koide, S.; Taguchi, K.; Endo, A.; Nakai, Y.; Yoshikawa, T.; Shimojo, N., 

Oxidation of proximal protein sulfhydryls by phenanthraquinone, a component of diesel exhaust 

particles. Chem Res Toxicol 2002, 15, (4), 483-489. 

43.Wang, Y.; Arellanes, C.; Curtis, D. B.; Paulson, S. E., Probing the Source of Hydrogen Peroxide 

Associated with Coarse Mode Aerosol Particles in Southern California. Environ Sci Technol 2010, 

44, (11), 4070-4075. 

44.Shang, Y.; Chen, C. Y.; Li, Y.; Zhao, J. C.; Zhu, T., Hydroxyl Radical Generation Mechanism 

During the Redox Cycling Process of 1,4-Naphthoquinone. Environ Sci Technol 2012, 46, (5), 

2935-2942. 

45.Sanchez-Cruz, P.; Santos, A.; Diaz, S.; Alegria, A. E., Metal-Independent Reduction of 

Hydrogen Peroxide by Semiquinones. Chem Res Toxicol 2014, 27, (8), 1380-1386. 

46.Dixon, S. J.; Stockwell, B. R., The role of iron and reactive oxygen species in cell death. Nat 

Chem Biol 2014, 10, (1), 9-17. 

47.Verma, V.; Shafer, M. M.; Schauer, J. J.; Sioutas, C., Contribution of transition metals in the 

reactive oxygen species activity of PM emissions from retrofitted heavy-duty vehicles. Atmos 

Environ 2010, 44, (39), 5165-5173. 

48.Charrier, J. G.; McFall, A. S.; Vu, K. K. T.; Baroi, J.; Olea, C.; Hasson, A.; Anastasio, C., A 

bias in the "mass-normalized" DTT response - An effect of non-linear concentration-response 

curves for copper and manganese. Atmos Environ 2016, 144, 325-334. 

49.Charrier, J. G.; Richards-Henderson, N. K.; Bein, K. J.; McFall, A. S.; Wexler, A. S.; Anastasio, 

C., Oxidant production from source-oriented particulate matter - Part 1: Oxidative potential using 

the dithiothreitol (DTT) assay. Atmos Chem Phys 2015, 15, (5), 2327-2340. 



27 

 

50.Kachur, A. V.; Held, K. D.; Koch, C. J.; Biaglow, J. E., Mechanism of production of hydroxyl 

radicals in the copper-catalyzed oxidation of dithiothreitol. Radiat Res 1997, 147, (4), 409-415. 

51.Valko, M.; Morris, H.; Cronin, M. T. D., Metals, toxicity and oxidative stress. Current 

Medicinal Chemistry 2005, 12, (10), 1161-1208. 

 


