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Glossary 
RTLF Respiratory tract lining fluid 

AA Ascorbate 

UA Urate 

GSH Glutathione (reduced) 

GSx Total glutathione  

GSSG Glutathione disulphide 

DTT Dithiothreitol 

DTNB 5,5’-dithiobis-2-nitrobenzoic acid 

DTPA Diethylene triamine pentaacetic acid 

OP oxidative potential 

OPAA/μg Ascorbate dependant oxidative potential per unit mass 

      OPAA/m3   Ascorbate dependent oxidative potential per m3 sample air 

OPGSH/μg Ascorbate dependant oxidative potential per unit mass 

OPGSH/m3 Ascorbate dependent oxidative potential per m3 sample air 

H2O2 Hydrogen peroxide 

O2
.- Superoxide 

.OH Hydroxyl radical 

EPR electron paramagnetic resonance  

DMPO 5,5-dimethylpyrroline-N-oxide 

ICP-MS Inductively Coupled Plasma Mass Spectroscopy 

HPLC-EC High Pressure Liquid Chromatography with Electrochemical Detection 

ROS Reactive Oxygen Species 

RNS Reactive Nitrogen Species 

NFκB Nuclear Factor kappa B 
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Study context 
 

 
The work outlined in this report was performed as part of the King’s College London 

contract “Volatile Correction Model and Oxidative Potential Measurements”. This 

programme is part of DEFRA’s “Particle Numbers and Concentration” contract, managed 

by the National Physical Laboratory. 
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Overview 
 

 
Epidemiological studies have consistently demonstrated associations between the 

mass concentration of ambient particulate matter (PM) and negative impacts on cardio-

respiratory health (Brunekreef and Holgate 2002). Whilst this observation is consistent 

across numerous studies, considerable heterogeneity in the PM effect size estimate exists 

in the literature, even where data sets have been analysed using identical methods (Bell et 

al. 2004; Janssen et al. 2002; Katsouyanni et al. 2001; Samet et al. 2000; Zanobetti et al. 

2002). Apart from random variation and differences across study populations, such 

discrepancies have been argued to reflect the use of imperfect indicators of exposure. 

Whilst the majority of epidemiological studies make use of ambient PM mass 

concentration, this measurement ignores PM sources and constituents, and, therefore the 

biological activity of particles. From a toxicological perspective much of the mass of PM10 

consists of biologically inert material: sodium chloride, crustal dust, ammonium sulphates 

and nitrates etc, whilst, the content of relatively low masses of transition metals and 

organic species are likely to contribute significantly to the health effects reported in the 

literature. It has therefore been proposed that alternative, more health relevant PM metrics 

are required.  

 

There is growing scientific consensus that the capacity of inhaled PM to elicit 

oxidative stress at the air-lung interface may underpin many of the acute and chronic 

symptoms observed in populations exposed to elevated PM concentrations (Borm et al 

2007; Gilliland et al 1999; Li et al 2002; Kelly 2003; Li et al 2003; Nel 2005; Nel et al 

2001; Xia et al 2004). This potential to drive potentially damaging biological oxidations 

has been linked to a number of particle characteristics, including composition (Aust et al, 

2002; Squadrito et al, 2001), size and surface area (Brown 2001). In the oxidative stress 

paradigm, inhaled particles generate oxidative stress through three major pathways:  

 

1. By the direct introduction of oxidizing species into the lung, including redox 

catalysts such as transition metals (Aust et al, 2002) and quinones (Squadrito 

et al, 2001) absorbed onto the particle surface.  
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2. Via the xenobiotic metabolism of polyaromatic hydrocarbons (PAHs), 

resulting in their bio-transformation in vivo to quinones and reactive 

electrophiles through the cytochrome P450, epoxide hydrolase and 

dihydrodial dehydrogenase pathways (Bonvallot et al, 2001) 

 

3. By stimulating inflammatory cells to produce reactive oxygen and nitrogen 

species (ROS and RNS), either through endotoxin mediated pathways (Monn 

et al, 2003), futile phagocytic processing (Soukup and Becker, 2001), or as a 

secondary consequence of oxidative stress triggered up-regulation of redox 

sensitive transcription factors such as NFκB that direct the synthesis of pro-

inflammatory cytokines (Bonvallot 2002).   

 

In light of these observations it has been proposed that a measure of the capacity of 

PM to oxidise target molecules, its oxidative potential (OP), may potentially serve as a 

biologically pertinent index of PM toxicity. The use of a toxicity based metric has the 

advantage that it effectively integrates differences in PM size distribution, surface area and 

composition into a simple unitary expression.  Previously we have quantified PM oxidative 

potential by examining the capacity of particle suspensions, or water soluble extracts, to 

oxidise antioxidants from models of human respiratory tract lining fluids (RTLFs), using 

model PM (carbon black, residual oil fly ashes, silicates - Zielinski et al 1999), diesel 

exhaust PM10 (Mudway et al 2004), biomass derived PM2.5 (Mudway et al 2005), 

environmental tobacco smoke PM2.5 (Duggan et al 2006), as well as ambient PM2.5 

(Kunzeli et al 2006), PM0.1-2.5 and PM2.5-10 (Mudway et al 2005). In these studies the 

incubations were performed employing physiological concentrations of the antioxidants 

ascorbate (AA), urate (UA) and glutathione (GSH), with incubations performed at 

pertinent antioxidant concentrations, pH7.4 and 37oC to model the reactions likely to occur 

in vivo when inhaled particles first interact at the air-lung interface. In contrast, other 

published methods quantify PM oxidative potential either through assessment of direct 

radical generation by electron paramagnetic resonance (Shi et al, 2003a) or via the 

oxidation of biomolecules such as DNA (Gilmour et al, 1995; Shi et al, 2006) or non-

physiological target molecules (Cho et al, 2005). Whilst all of these assays measure certain 

aspects of PM OP, the incubation conditions employed are often non-physiological and 

little is known about how these various endpoints relate to one another. This later point is 
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important as an uninformed reading of the existing literature may leave the reader with the 

impression that all these assays are measuring the same thing, whilst in reality each method 

may display differential sensitivity to various pro-oxidants, or PM size fractions. In 

addition, these acellular approaches are limited to an assessment of the ‘intrinsic’ oxidative 

potential of particles reflecting the concentration of redox active metals, quinone and 

radicals associated with the particle surface; not latent activity attributable to PAH 

metabolism or the induction of inflammation.  
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Part I – Comparison of methodologies for 
assessing particulate matter oxidative 

potential 
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Abstract  
 

Using archived PM2.5 and PM10 samples from Marylebone Road between July 2004 

and Sept 2006 we compared three published methods for the determination of particle 

oxidative potential. The first two methods quantified antioxidant losses from single or 

composite antioxidant solutions, while the third measured the oxidation of dithiothreitol 

(DTT). Water leachable metals were determined by ICP-MS and related to the extent of 

oxidation observed with each method. Metal contributions to the observed oxidative 

potentials were further investigated using the metal chelator, diethylene 

triaminepentaacetic acid (DPTA) in the ascorbate-only model. We observed considerable 

temporal variation in each of the PM metrics examined in both PM fractions, with 

evidence of quantitative associations between DDT depletion rates and the glutathione 

dependent oxidative potential/μg observed in the synthetic RTLF model. Particulate-

induced loss of glutathione from the synthetic respiratory tract lining fluid model (RTLF) 

was not strongly associated with ascorbate loss in the same model, which were of a larger 

magnitude and correlated with the ascorbate depletion rates (total and metal dependent) 

observed in the single antioxidant model. PM oxidative activity was associated with Ba, 

Cu, Mo and Mn water soluble metal concentrations, with Cu particularly predictive of the 

extent of DTT and GSH oxidation. As the DTT assay has been proposed to be specific for 

quinones we investigated its apparent association with Cu further, demonstrating that Cu 

did catalyze the oxidation of DTT and that DTPA inhibited PM-induced DTT depletion. In 

contrast, co-incubation of DTPA with PM samples in the ascorbate only model decreased 

the oxidation rate by approximately 60%, implying a non-metal contribution to the loss of 

this antioxidant. These data demonstrate that ascorbate and thiol dependent oxidative 

losses are likely to be sensitive to differing panels of pro-oxidants and that the oxidative 

potential outputs from the synthetic RTLF model provides a similar level of information 

obtained from a combination of the DTT and ascorbate depletion methods.  

 

Key words: Particulate matter, PM10, PM2.5, oxidative potential, ascorbate, 

glutathione, metals, quinones, dithiothreitol 
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Figures 
 

Figure 1.1: DTT oxidation/depletion rates associated with a 60 minute incubation with 

PM2.5 and PM10 samples (10 μg/mL) obtained from Marylebone Road. 

 

Figure 1.2: Ascorbate dependent oxidative potential, established in the synthetic RTLF 

model, expressed per μg of PM for PM2.5 and PM10 samples obtained from Marylebone 

Road over the indicated periods. 

 

Figure 1.3: Glutathione dependent oxidative potential, established in the synthetic RTLF 

model expressed per μg of PM for PM2.5 and PM10 samples obtained from Marylebone 

Road over the indicated periods. 

 

Figure 1.4: Total and metal independent ascorbate oxidation rates, the later determined 

after incubation with a excess of DTPA, associated with PM2.5 and PM10 samples obtained 

from Marylebone Road over the indicated periods. 

 

Figure 1.5: The degree of association between DTT depletion rates with ascorbate and 

glutathione dependent oxidative potential per μg established in the synthetic RTLF model 

in all PM samples. 

 

Figure 1.6: The degree of association between DTT depletion rates with total, metal 

dependent and metal independent ascorbate depletion rates, both expressed as nmol/s. 

 

Figure 1.7: The absence of an association between ascorbate and glutathione dependent 

oxidative potential established in the synthetic RTLF model across all of the analysed 

samples. 

 

Figure 1.8: The degree of association between OPAA/μg with total, metal dependent and 

metal independent ascorbate depletion rates established in the single antioxidant model. 
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Figure 1.9: The degree of association between OPGSH/μg with total, metal dependent and 

metal independent ascorbate depletion rates established in the single antioxidant model. 

 

Figure 1.10: Dose dependant Cu (CuSO4) and 9,10-phenathroquinone (9,10-PQ) 

dependent DTT oxidation rates, with and without the addition of DTPA, relative to the 

particle free control. 

 

Figure 1.11: Ascorbate depletion rates with increasing doses of Cu (CuSO4) and 9,10-

phenathroquinone (9,10-PQ) with and without co-incubation with DTPA relative to a 

particle free control. 

 

Figure 1.12: Rates of DTT and AA oxidation over a range of concentrations with a panel 

of model and environmental PM samples.   
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Tables 
 

Table 1.1: Pearson correlation analyses of the measured of PM oxidative activity metrics 

derived from each of the tested models.  

 

Table1.2: The degree of association between DTT oxidation rates and the concentration of 

water soluble metals determined in all PM samples, as well as segregated by fraction. 

 

Table 1.3: The degree of association (Pearson correlation) between ascorbate and 

glutathione dependent oxidative potentials and the concentration of water soluble metals 

determined in all PM samples, as well as segregated by fraction. 

 

Table 1.4: Correlation matrix for the degree of association between total, metal dependent 

and independent ascorbate depletion rates with PM aqueous metal concentrations. 

 

Table 1.5:  DTT and AA depletion rates (minus background auto-oxidation rates) for 

representative PM samples at 15 μg/mL, with and without co-incubation with the metal 

chelator DTPA (200 μM). 
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Aims 

Primary - To investigate the comparability of methods for assessing PM oxidative 

activity using a panel of environmental PM2.5 and PM10 samples collected from a busy 

urban roadside site. Secondary – To examine the relationship between these measures of 

PM oxidative potential and PM water soluble metal composition.  
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Background 

The capacity of inhaled particles to elicit oxidative stress at the air-lung interface has 

been proposed to provide a mechanistic link between PM composition and their capacity to 

induce inflammation and injury in the lung. This hypothesis implies that much of the 

toxicity of ambient PM is attributed to their organic radicals, redox catalysts (transition 

metals and quinones) concentrations and precursor chemicals (polyaromatic hydrocarbons) 

content which can be metabolised in vivo to redox active compounds. These species are 

present in relatively low abundance in ambient PM thus much of the mass of PM will 

contribute little to the observed toxicity. Consequently, it has been argued that particle 

oxidative potential may represent a better metric of the health impacts of ambient PM than 

concentration alone. Several groups have developed assays that provide some measure of 

PM oxidative potential, based on the capacity of particles, or particle extracts to oxidise a 

range of substrates (proteins, DNA, antioxidants or fluorescent probes), mostly in acellular 

systems. Whilst all of these assays undoubtedly measure aspects of PM oxidative potential, 

it is not clear how these assays relate to one another, whether they display differential 

sensitivity to pro-oxidants, or how prognostic they are for predicting in vivo toxicity. In 

this study we have examined three of the more commonly employed methods for assessing 

PM oxidative activity, in order to address the first two of these questions.  

In the work presented in this report we have performed a comparison of three of the 

most common techniques for the assessment of PM oxidative potential, based on: 

 

1. Antioxidant depletion from a complex synthetic RTLF. 

2. Antioxidant depletion from a simple synthetic RTLF, with and without metal 

chelation, 

3. Dithiothreitol (DTT) oxidation.  

 

Whilst, antioxidant loss from the RTLF model has been shown to be sensitive to both 

transition metals and quinones (Ayres et al, 2008), the ascorbate depletion assay was 

developed initially as an assay of trace metal concentrations (Welch et al, 2002), and the 
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DTT oxidation assay, as a measure of quinone catalysed oxidation (Kumagai et al, 2002; 

Cho et al, 2005). Whilst the ascorbate only model has been shown to be sensitive to 

quinones (Roginsky et al, 1999), the DTT assay is still largely presented in the literature as 

being quinone specific (Cho et al, 2005). In addition to examining the quantitative 

relationship between PM oxidative potential determined in each of these assays, aqueous 

metal concentrations were also examined, as an initial step toward understanding the 

determinants of the observed activity. 
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Methods 

Details of the filter archive: 30 PM2.5 and 21 PM10 TEOM filters were obtained from the 

kerbside Marylebone Road site, covering the period June 04 – Sept 06 and March 06 – 

Sept 06, respectively. On average the PM2.5 filters represented collection periods of 18 ± 5 

days, whilst the PM10 samples were collected on an approximately weekly basis: 8 ± 2 

days. Of the 819 day period across which PM2.5 filters were recovered, a total of 533 days 

(65%) were sampled, compared with 87.9% for the PM10 filters, which were collected over 

a shorter interval (182 days). Considering the equivalent period over which both PM2.5 and 

PM10 filters were collected 29 – March 06 to the 22-27 – Sept 06, a total of 8 and 21 filters 

were obtained respectively, covering 79.7 and 87.9% of the sampling period. 

Extraction and re-suspension of TEOM filter PM: Individual filters, both PM10 and PM2.5, 

were placed in 50 ml falcon tubes containing 2 ml of methanol. The tubes were then 

vortexed for 10 minutes, before sonication using a MSE Soniprep 150 (23 kHz) generator 

with a titanium probe at an amplitude of 5 microns for 30 seconds.  Samples that yielded 

oily extracts, which were not readily resuspended by vortexing, underwent physical 

scraping from the sides of the extraction tubes with plastic pipettes prior to sonication. The 

methanol extract was then transferred to a second falcon tube and an additional 2 ml of 

methanol added to the remaining filter prior to a further 10-minute period of vortexing.  

This second methanol extract was then added to the first, prior to drying down under 

nitrogen at 35oC. The dried extract was subsequently re-suspended at stock concentrations 

of 12.56 or 55.6 μg/ml in Chelex100-resin treated ultra-pure water containing 5% HPLC-

grade methanol by vortexing for 10 minutes and sonication, as outlined above. Removal of 

contaminating metals from the water-methanol mixture was achieved by adding 3 g of 

Chelex-100 resin to100 ml of the solution with stirring over-night at rtp. The resin was 

removed by vacuum filtration and the purified 5% methanol solution carefully decanted. 

Prior to use in the resuspension protocol the pH of the water-methanol solution was 

adjusted to neutrality using Chelex resin treated 1M HCl or 1M NaOH. Once PM samples 

were resuspended in the solution, the pH of the suspension was checked and where 

necessary readjusted to 7 as outlined above, prior to use in the incubation protocols. 
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Measuring PM oxidative activity in the synthetic RTLF model: The oxidative capacity of 

PM was determined by their ability to oxidize a range of protective antioxidant molecules 

present at the surface of the lung using a validated in vitro model (Zielinski et al 1999; 

Mudway et al 2004). These incubations were performed at a final particle concentration of 

50 μg/ml. Antioxidant solutions contained equimolar concentrations (200 μM) of 

ascorbate, urate and reduced glutathione. Co-incubations of PM and antioxidants were then 

performed for 4 hours at 37oC at a pH of 7. At the end of this period, particles were 

removed by centrifugation (13,000 rpm for 60 minutes, 4oC) prior to determination of the 

remaining antioxidant concentrations. To ensure intra-assay standardization between 

experiments control PM samples were also run. These consisted of a particle free control 

(auto-oxidation), residual oil fly ash; ROFA (positive control) and the inert carbon black 

particle M120 (negative control). Composition details of these control particles have been 

published previously (Zielinski et al 1999; Miller et al 1998). All incubations were 

performed in triplicate. Ascorbate and urate were determined using reverse phase high-

pressure liquid chromatography with electro-chemical detection in the amperometric mode 

(Iriyama et al 1984). Reduced and oxidized glutathione were measured using the enzyme 

recycling method of Tietze modified for use on a plate reader (Baker et al 1990).  

 

Ascorbate and Urate analysis: Fifty μl of the PM supernatant was removed from each 

incubation tube and added to 50 μl of ice-cold metaphosphoric acid (MPA) and 400 μl of 

HPLC-grade water to achieve a final acid concentration of 5%. Ascorbate and UA 

concentrations were then determined simultaneously using reverse phase HPLC with 

electrochemical detection. Twenty μL aliquots of each sample were injected for analysis 

using a Gilson model 231 auto-sampler onto a 10 x 150 mm, 5μM C18 column, eluted with 

0.2mM K2HPO4-H3PO4, containing 0.25 mM octanesulphonic acid (pH 2.1) at a flow rate 

of 1.5 ml/min. An EG&G amperometric electrochemical detector (Jones Chromatography, 

Hengoed, Wales) was used for detection, with the potential set at 400 mV, a time constant 

of 5 s, cathodic output and a current sensitivity of 0.5  μA. Sample concentrations were 

determined against a standard curve containing ascorbic acid (0-25 μM) and uric acid (0-50 

μM) (both Sigma) prepared in 5% MPA.  

 

Glutathione analysis: Further aliquots (16.7 μl) of the PM supernatants were diluted into 

983.3 μl of 100 mM sodium phosphate buffer, pH 7.5, containing 1 mM EDTA. Standards 
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containing 0-165 pmol/50 μl GSSG, equivalent to 0-330 pmol/50 μl GSx were also 

prepared in this buffer. Fifty μl of sample and standard were then transferred to the wells of 

a microtitre plate prior to the addition of 100 μl of a reaction mixture to achieve final 

reagent concentration in each well of 0.15 mM DTNB, 0.2 mM NADPH and 1 U of 

glutathione reductase. Immediately after the addition of the reaction mixture the microtitre 

plate was transferred to a plate reader (SpectraMAX 190; Molecular Devices) for analysis. 

The rate of 5-thio-2-nitrobenzoic acid (TNB) formation was then followed by the rate of 

change in absorbance at 405nm over a 2 min period at 30°C. To determine GSSG 

concentrations, 5 μl of undiluted 2-vinyl pyridine (Aldrich chemical Co, Poole, UK) was 

added to 130 μl of the samples and standards, vortexed briefly and incubated at room 

temperature for 1 h. Samples and standards were then plated out and ran as above. The 

GSH pool was calculated indirectly by the subtraction of the measured GSSG (x2) from 

the total glutathione (GSx) concentration. 

 

Deriving expressions of PM10 oxidative potential - PM oxidative potential (OP) was 

determined using the following set of calculations based on the data derived from the 

synthetic RTLF model. Equations 1.1-1.3 are presented as examples for ascorbate 

calculations with GSH determined in an identical manner.  The percentage AA loss and 

percentage GSH loss was calculated from the concentration of AA and GSH remaining 

following PM incubation with the synthetic RTLF relative to particle free controls also 

incubated for four hours with RTLF.   

 

  100
M)(AA Blank 4h  Control

M)(AA  Sample Loss%AA ×=
μ

μ  Equation 1.1 

 

This percentage antioxidant depletion was normalized by the final PM concentration used 

in the RTLF incubations (50 µg mL-1) to yield PM oxidative potential per unit mass: OPAA 

µg-1 and OPGSH µg-1.   

 

    
)(50

Loss%AA 
1−

=
mLugug

OP AA

  Equation 1.2 

 

Multiplication of this unit mass metric with the ambient PM concentration (calculated as 

the extracted PM filter mass, µg, divided by the sampled volume of air, m3) produced an 
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oxidative potential metric of PM induced AA and GSH depletion calculated per cubic 

metric of ambient air: OPAA m-3 and OPGSH m-3.   

   
)(][ 33 −

=
mgPMAmbient

g
OP

m
OP

AA
AA

μ
μ   Equation 1.3 

 

AA depletion assay: Oxidative activity of selected PM suspensions was also assessed by 

their capacity to deplete ascorbate-from an ascorbate only model. This approach was also 

used to investigate the mechanisms driving PM oxidative activity, by the addition of the 

transition metal chelator DTPA. PM stock solutions were prepared as outlined previously 

and diluted to a starting concentration of 12.5 µg/ml before incubation with ascorbate. All 

PM exposures were performed in triplicate in UV 96 well flat-bottomed plates (Greiner 

bio-one) at a final volume of 200 μl. Exposures were initiated by the addition of 20 μl of a 

concentrated stock of ascorbate (2 mM) into each well containing 160 μl of PM suspension 

and 20 μl of Chelex-100 resin treated water, to starting concentrations of 200 μM ascorbate 

and 10 μg/ml of PM. Immediately prior to the addition of ascorbate to each assay well, the 

plate was pre-incubated for 10 minutes at 37°C in a plate reader (Spectra Max 190) and 

during the exposure the plate was maintained at this temperature. Over this period, 

additional aliquots of each PM sample were also pre-incubated in the presence of 200 μM 

of DTPA by the addition of 20 μl of 2 mM DTPA (pH7) in Chelex-100 resin treated water.  

 

After addition of ascorbate, the concentration remaining in each well was 

monitored every 2 min for a period of 2 h by measuring the absorbance at 265 nm. In order 

to control for the contribution of absorbance of the particles themselves, ascorbate free 

controls containing 40 µl of Chelex-resin treated water and 160 µl of individual particle 

stocks were run in parallel on the plate and subtracted from the sample absorbance 

readings. The rate of ascorbic acid depletion was determined by performing a linear 

regression through the initial part of a concentration verses time plot using Microcal 

Software Limited’s OriginLab (version 5.0).  This was performed for each of the triplicates 

with the rate of ascorbic acid depletion finally expressed as mean mol/s  x 10-9 depletion of 

ascorbate ± standard deviation. From these data three rates, indicative of aspects of the PM 

oxidative activity could be derived: the total oxidative activity (the rate of ascorbate 

depletion associated with the sample minus that observed in the appropriate blank), the 

metal dependant oxidative activity (the fraction of the observed depletion rate that could be 



 

Environmental Research Group     King’s College London  
      

22

inhibited by co-incubation with an excess of DTPA) and the non-metal dependent 

oxidative activity (the residual depletion rate following DTPA treatment). 

 

DTT oxidation assay: DTT depletion was based on the published method of Cho et al (Cho 

et al 2005) modified for high throughput analysis using 96 well plates. Briefly, 240 μl 

aliquots of PM suspensions at 12.5 µg/ml, prepared in Chelex treated water containing 5% 

methanol, were added to the wells of 96 well plate in triplicate. Particle free blanks were 

also run on each plate, together with ROFA and London PM2.5-10 control samples. 

Following equilibration of these PM samples and controls to 37oC, 30 μl aliquots of DTT 

(1 mM, pre-warmed to 37oC) were added together with either 30 μl of Chelex-100 treated 

water or 30 μl of DPTA (2 mM) after which the plate was briefly mixed. At this time, 0 

minutes, 35 µl of the experimental sample was removed from each well using 8 channel 

pipette and transferred into the wells of a second 96 well microplate each containing 35 µl 

of a chilled 10% w/v TCA solution.  The plate was then tapped, mixed and covered before 

placing in a fridge (4oC). This procedure was then repeated following incubation at 37oC 

for 15, 30 and 60 min. At the end of the incubation period 140 μl of 0.4 M Tris buffer, 

containing 20 mM EDTA pH8.9 was added to the 70 µl of TCA-reacted sample in each 

well using 8 channel pipette, prior to the addition of 26.7 µl DTNB (1.25 mM prepared in 

the Tris buffer) reagent. The plate was then mixed in the microplate reader 

(SpectraMax190) for 5 seconds prior to incubation at 30oC for 5 min after which the 

absorbance at 412 nm was determined to provide an estimate of the free thiol remaining. 

The concentration of thiol remaining at each time, minus that observed in the particle free 

blank was then used to calculate the loss of DTT expressed as nmol/s  

 

ICP-MS analysis of aqueous PM extracts: 1-2 ml of the particle suspensions prepared in 

Chelex100-resin treated ultra-pure water containing 5% HPLC-grade methanol, as outline 

previously, were centrifuged 13,000 rpm for 1 h, 4oC to remove particles. To ensure the 

removal of all particles the resultant supernatant was filtered through an Anotop-0.02μm 

Whatman filter. 0.9 ml of the filtrate was then added to a further 0.9 ml of Chelex-100 

resin treated HPLC-grade water prior to analysis by ICP-MS. Each batch of samples was 

ran in parallel to a Chelex-water blank, as well as aqueous extracts derived from ROFA 

and a stock environmental PM2.5-10 sample collected from London. The London sample 

was ran to provide Fe and Cu measurements, as these metals were low abundance in the 
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aqueous extract obtained from the ROFA sample. Samples were then transferred to the 

Mass Spectroscopy Unit at King’s College for the quantification of Al, As, Ba, Be, Cd, Cu, 

Fe, Mn, Mo, Ni, Pb, V and Zn by ICP-MS using a ELAN DRC ICP-MS (MSF008). 

Elemental concentrations were determined with reference to a 4-point standard curve based 

on a ICP multi element standard solution VI CertiPUR® (Merck, Lot. No. OC529648). All 

concentrations were corrected for the background elemental concentrations determined in 

the Chelex-100 resin treated water blank ran in parallel to each batch of samples.  
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Results  

Variability in PM oxidative potential - Both PM2.5 and PM10 samples displayed 

considerable temporal variability in their OP, irrespective of which of the methods was 

employed to establish this parameter. Considering DDT depletion, the greatest rates 

observed were associated with PM10 samples. A similar pattern was observed for both 

OPAA/μg and OPGSH/μg, although here the contrast between the two size fractions for 

OPGSH/μg was not significant. The total ascorbate depletion rate was also found to be 

greatest in PM10 samples, though no statistically significant contrasts were observed when 

these rates were separated into their metal dependent and independent components.  

Correlations between different OP methodologies - Overall (based on both PM2.5 and PM10 

samples) DDT depletion was found to correlate with both OPAA/μg and OPGSH/μg, but not 

with ascorbate depletion rate, measured either as total, metal dependent and metal 

independent. Notably the association between DTT depletion rate and OPGSH/μg was 

strongest in the PM2.5 fraction, whilst it displayed little association with the 

OPAA/μg expression. PM OPAA/μg and OPGSH/μg were not associated in either fraction, 

suggesting that these two measures obtained from the synthetic RTLF model were 

sensitive to different PM redox active components. OPAA/μg but not OPGSH/μg displayed 

significant positive associations with the total and metal dependant ascorbate depletion 

rates across both PM fractions.  

Associations between OP parameters and aqueous metal concentrations – DTT oxidation 

rates displayed significant positive associations with Ba, Mn and Mo when both PM 

fractions were considered. OPGSH/μg was similarly associated with Cu and Mn, whereas 

OPAA/μg displayed correlations with Ba, Mn and Mo when all fractions were considered. 

When the total ascorbate depletion rates were considered only Ba was found to be 

significantly associated with the observed rates, which was consistent for both the metal 

dependent and independent rates. Surprisingly, no other positive associations were noted 

between the panel of aqueous metal examined and the metal dependent ascorbate depletion 

rate, though significant negative correlations were noted for Cu and Fe. 

Variability in PM oxidative potential - Both PM2.5 and PM10 samples from Marylebone 

Road displayed considerable temporal variability in their OP, irrespective of which of the 
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methods was employed to establish this parameter (Figures 1.1-1.4). Considering DDT 

depletion (Figure 1.1), the greatest rates observed were associated with PM10 samples, both 

when all samples were considered (0.005 ± 0.001 [PM2.5] vs. 0.007 ± 0.001 [PM10] nmol/s, 

P<0.001), or only those covering equivalent periods (0.006 ± 0.001 vs. 0.007 ± 0.001 

nmol/s, P<0.05). A similar pattern was observed for both OPAA/μg (1.0 ± 0.2 [PM2.5] vs. 

1.2 ± 0.3 [PM10], P<0.05 - Figure 1.2) and OPGSH/μg (0.8 ± 0.4 [PM2.5] vs. 1.1 ± 0.4 

[PM10], P<0.05 - Figure 1.3), although here the contrast between the two fractions for  

OPGSH/μg was no longer significant when the analysis was restricted to equivalent periods: 

1.0 ± 0.4 [PM2.5] vs. 1.1 ± 0.4 [PM10], P=0.81 - Figure 1.3. It was notable that whilst the 

incubation of the PM samples in the synthetic RTLF resulted in significant losses of 

ascorbate and glutathione, no impact was seen on urate, consistent with earlier 

observations. The total ascorbate depletion rate was also found to be greatest in PM10 

samples when these were considered over equivalent periods (0.80 ± 0.32 [PM2.5] vs. 1.92 

± 1.10 [PM10] nmol/s, P<0.01), though no statistically significant contrasts were observed 

when these rates were separated into their metal dependent 0.34 ± 0.49 [PM2.5] vs. 1.23 ± 

1.22 [PM10] nmol/s, P=0.06 – Figure 1.4) and independent components 0.45 ± 0.46 [PM2.5] 

vs. 0.69 ± 0.53 [PM10] nmol/s, P=0.27 – Figure 1.4).  
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Figure 1.1: DTT oxidation/depletion rates associated with a 60 minute incubation with 
PM2.5 (upper panel) and PM10 (lower panel) samples (10μg/mL) obtained from 
Marylebone Road. All data points represent the mean ± 2SD of triplicate incubations, with 
the points plotted to the midpoint date of their sampling interval. The inset figure illustrates 
the contrast in PM2.5 and PM10 DTT oxidation rates for all of the considered samples, or 
only those covering the equivalent period: 29 – March 06 to the 22-27 – Sept 06. 
Comparisons of rates between the two PM size fractions were performed using an unpaired 
t-rest with the resultant P-value illustrated. 
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Figure 1.2: Ascorbate dependent oxidative potential, established in the synthetic RTLF 
model, expressed per μg of PM for PM2.5 (upper panel) and PM10 (lower panel) samples 
obtained from Marylebone Road over the indicated periods. Figure layout is as outlined in 
the legend to figure 1.1 
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Figure 1.3: Glutathione dependent oxidative potential, established in the synthetic RTLF 
model expressed per μg of PM for PM2.5 (upper panel) and PM10 (lower panel) samples 
obtained from Marylebone Road over the indicated periods. The figure layout is as 
outlined in the legend to figure 1.1 
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Figure 1.4: Total and metal independent ascorbate oxidation rates, the later determined 
after incubation with a excess of DTPA, associated with PM2.5 (upper panel) and PM10 
(lower panel) samples obtained from Marylebone Road over the indicated periods. In inset 
panel illustrates the contrasts between rates for PM2.5 and PM10, overall, as well as over 
equivalent sampling periods are shown. The metal dependent rate was determined by 
subtracting the residual rate following the DTPA co-incubation from the total measured 
rate. All other aspects of the figure layout and analysis is as outlined in the legend to figure 
1.1 
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Correlations between different OP methodologies - Overall (based on both PM2.5 and PM10 

samples) DDT depletion was found to correlate with both OPAA/μg and OPGSH/μg (r-0.36, 

P=0.01 and r=0.74, P<0.001 respectively - Pearson’s correlation, Figure 1.5), but not with 

any of the ascorbate depletion rates (total, metal dependent and metal independent, Figure 

6), established in the ascorbate only model (Table 1.1). Notably the association between 

DTT depletion rate and OPGSH/μg was strongest in the PM2.5 fraction (r=0.80, P<0.001) 

where there it displayed little association with the OPAA/μg (Table 1.1). PM OPAA/μg and 

OPGSH/μg were not simplistically associated in either fraction, suggesting that these two 

measures obtained from the synthetic RTLF model (Table 1.1, Figure 1.7), were sensitive 

to different PM redox active components. OPAA/μg but not OPGSH/μg displayed significant 

positive associations with the total and metal dependant ascorbate depletion rates across 

both PM fractions (Table 1.1, Figures 1.8-1.9).  

 

Figure 1.5: The degree of association between DTT depletion rates with ascorbate and 
glutathione dependent oxidative potential per μg established in the synthetic RTLF model 
in all PM samples. Details of the correlation analyses illustrated in this figure are given in 
Table 1.1. 
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Table 1.1: Associations between the PM oxidative activity metrics derived from each of 
the tested models. Analyses are presented for both PM2.5 and PM10 combined and for each 
of these fractions separately. Significant interactions are highlighted with red text. 
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Figure 1.6: The degree of association between DTT depletion rates with total, metal 
dependent and metal independent ascorbate depletion rates, both expressed as nmol/s. 
Details of the correlation analyses in this figure are given in Table 1.1. 

 

 

Figure 1.7: The absence of an association between ascorbate and glutathione dependent 
oxidative potentials established in the synthetic RTLF model across all of the analysed 
samples. Details of the correlation analyses in this figure are given in Table 1.1 
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Figure 1.8: The degree of association between OPAA/μg with total, metal dependent and 
metal independent ascorbate depletion rates established in the single antioxidant model. 
Details of the correlation analyses in this figure are given in Table 1.1. 

 

Associations between OP parameters and aqueous metal concentrations – DTT oxidation 

rates displayed significant positive associations with Ba (r=0.28,P<0.05), Cu (r=0.41, 

P<0.001), Mn (r=0.37, P<0.01) and Mo (r=0.64, P<0.001) when both PM fractions were 

considered (Table 1.2). OPGSH/μg was similarly associated with Cu (r=0.46, P<0.001) and 

Mn (r=0.63, P<0.001), whereas OPAA/μg displayed significant correlations with Ba 

(r=0.42, P<0.01), Mn (r=0.40, P<0.01) and Mo (r=0.30,P<0.05) when all fractions were 

considered (Table 1.3). When the total ascorbate depletion rates were considered only Ba 

was found to be significantly associated with the observed rates (r=0.49, P=0.01), which 

was consistent for both the metal dependent and independent rates (Table1. 4). 
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Surprisingly, no other positive associations were noted between the panel of aqueous metal 

examined and the metal dependent ascorbate depletion rate, though significant negative 

correlations were noted for Cu (r=-0.57, P<0.01) and Fe (r=-0.46, P<0.05). 

 

 

 

 

Figure 1.9: The degree of association between OPGSH/μg with total, metal dependent and 
metal independent ascorbate depletion rates established in the single antioxidant model. 
Details of the correlation analyses in this figure are given in Table 1.1. 
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Table 1.2: The degree of association between DTT oxidation rates and the concentration 
of water soluble metals determined in all PM samples, as well as segregated by fraction. 
Significant associations determined using the Pearson correlation are highlighted in red 
text. 
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Table 1.3: The degree of association (Pearson correlation) between ascorbate and 
glutathione dependent oxidative potentials and the concentration of water soluble metals 
determined in all PM samples, as well as segregated by fraction. Significant associations 
are highlighted in red text. 
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Table 1.4: Correlation matrix for the degree of association between total, metal dependent 
and independent ascorbate depletion rates with PM aqueous metal concentrations. Table 
formatting is as outlined in the legend to Table 1.2. 
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Exploring the active components in the DTT and AA depletions assays - Both 9,10-PQ 

(0.2-20 μM) and CuSO4 (0.1-10 μM) elicited dose dependent losses of DTT (Figure 1.10) 

over a 1h incubation, with the former displaying the greatest depletion rates, resulting in 

complete loss of DTT at concentrations in excess of 1 μM. Similar dose dependant losses 

of AA were also observed with 9,10-PQ and CuSO4 (Figure 1.11), though in this assay the 

rate of AA oxidation was in excess of that observed for DTT at equivalent molar 

concentrations. Co-incubation with the chelator DTPA completely abolished the Cu-

induced oxidative loss of both AA and DTT (Figure 1.10 and 1.11), but had no measurable 

impact on the quinone dependent losses observed in either model system. The impact of 

metal and non-metal redox catalysts on both AA and DTT oxidation rates was examined 

further using a panel of model (carbon black and ROFA) and environmental PM samples 

(PM2.5, PM10 and PM2.5-10,). All particle types, with the exception of the negative control 

carbon black displayed dose dependent increases in oxidation rates (2 – 15 μg/mL), with 

the rate of DTT oxidation being in general in excess of that observed for AA (Figure 1.12). 

Addition of DTPA to each PM sample at the highest dose (15 μg/mL) elicited significant 

reductions in the observed oxidation rates in both assays (Table 1.5), indicating clear metal 

dependant contributions to the losses observed. Notably, however significant residual rates 

were also observed following the DTPA treatment indicative of non metal contributions 

(Table 1.5). A secondary consideration, regarding the practical application of these assays 

to the quantitative assessment of PM oxidative activity was their repeatability. Considering 

the data from all of the PM samples, and across all of the considered doses (Figure 1.12) 

the coefficients of variation based on each set of triplicate determination was 32.8 and 

15.6% for the DTT and AA depletion assays respectively. The observed CVs were highest 

at the lowest PM doses and were reduced when only the highest dose was considered: 

23.5% (DTT) and 3.9% (AA). 
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Figure 1.10: Dose dependant Cu (CuSO4) and 9,10-phenathroquinone (9,10-PQ) 
dependent DTT oxidation rates, with and without the addition of DTPA (at the highest 
dose considered), relative to the particle free control. All data are represented as the mean 
± 1SD of triplicate incubations with the comparison of rates plus and minus DTPA 
performed using an unpaired t-rest (*P<0.05). All of the DTT was oxidised after the 1h 
following incubation with 9,10-PQ at concentrations ≥ 1μM reflected by the levelling off 
of the observed oxidation rates. 

  

Figure 1.11: Ascorbate depletion rates with increasing doses of Cu (CuSO4) and 9,10-
phenathroquinone (9,10-PQ) with and without co-incubation with DTPA relative to a 
particle free control. All data are represented as the mean ± 1SD of triplicate incubations 
with the comparison of rates plus and minus DTPA performed using an unpaired t-rest 
(*P<0.05). 
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Figure 1.12: Rates of DTT (maroon squares)  and AA  (blue diamonds) oxidation over a 
range of concentration with a panel of model and environmental PM samples.  All points 
represent the mean rate of triplicate incubations, following subtraction of the background 
auto-oxidation rate established in the particle free control. 
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Table 1.5: DTT and AA depletion rates (minus background auto-oxidation rates) for 
representative PM samples at 15 μg/mL, with and without co-incubation with the metal 
chelator DTPA (200 μM). All data represent the mean ± 1SD of triplicate determinations, 
with the % reduction in the rate following the addition of DTT indicated. Comparison of 
rates with and without DTPA was performed using an unpaired t-test with ‘*’ indicting a P 
value of <0.05. 
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Discussion 

In response to the increasing scientific consensus that the capacity of inhaled PM to 

cause oxidative stress is a primary pathway leading to the observed respiratory and 

cardiovascular responses seen in exposed populations (Li et al, 2002; 2003) numerous 

groups have developed assays that attempt to quantify the oxidative properties of ambient 

PM (Oberdörster G, 2005; Ayres et al, 2008). Various assays have been developed that 

provide some measure of PM oxidative potential, based on the capacity of particles, or 

particle extracts to oxidise a range of substrates (DNA (Gilmour et al, 1995; Shi et al, 

2006), antioxidants (Zeilinski et al, 1999; Mudway et al, 2004) and fluorescent probes 

(Cohn et al, 2008)), or generate radicals (Shi et al, 2003), mostly in acellular systems 

(Ayres et al, 2008). Whilst all of these assays undoubtedly measure aspects of PM 

oxidative potential, little is known about how these various endpoints relate to one another, 

whether they display differential sensitivity to different pro-oxidants and redox catalysts, 

whether they’re additive or complementary, or how prognostic they are of in vivo toxicity 

and ultimately the observed heath effects in exposed populations. Also, as these methods 

gain more widespread usage in large scale epidemiological studies, significant questions 

remain on the uncertainty inherent within these measurements and their applicability to 

high throughput analysis. It’s clear however that if the oxidative potential metric is to be a 

value in formulating policy a better understanding of what is actually being measured is 

required with the ultimate aim of establishing robust gold standard methodologies that can 

be consistently applied and interpreted. 

 

 The current study examined the capacity of ambient PM2.5 and PM10 obtained from a 

high traffic site in London (Marylebone Road) to drive oxidation reactions in vitro, as a 

proxy of their in vivo toxicity. PM oxidative potential was assessed in PM extracts derived 

from TEOM filters using a suite of commonly employed literature methods based on the 

oxidation of physiological antioxidants, ascorbate and glutathione (Mudway et al, 2004; 

Zielinski et al, 1999) and the dithiol DTT (Cho et al ,2005). In addition to this primary aim, 

the relationship between these measures of PM oxidative potential was examined and 

related to PM composition to address their comparability and establish whether they 

displayed differential sensitivity to PM pro-oxidant components: aqueous metals and 

quinones.  We observed considerable temporal variation in the oxidative potential of both 
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PM2.5 and PM10 samples from Marylebone Road, irrespective of which method was 

employed to establish this parameter, with evidence that the PM10 fraction had equivalent, 

or greater activity than parallel PM2.5 collections. The two output measures of oxidative 

potential derived from the synthetic RTLF, OPAA/μg and OPGSH/μg were not simplistically 

associated, raising the possibility that a truer measure of total PM oxidative potential may 

be a sum of these two outputs (OPtotal/μg). Consistent with this view the ascorbate 

depletion rate observed in the simple ascorbate-only model was found to be quantitatively 

associated with OPAA/μg, but not OPGSH/μg, whilst the opposite was true for DTT 

oxidation. This discrimination between the endpoints was reflected by differences in the 

pattern of associations observed with PM metals; with DTT oxidation and OPGSH/μg being 

significantly associated with Cu, whilst OPAA/μg and the ascorbate depletion rates 

displayed significant associations with barium. 

 

The metals examined in the aqueous extracts were chosen to reflect known traffic 

sources related to exhaust and non-exhaust (tyre, brake and carriage wear) emissions 

(Weckwerth et al, 2001; Harrison et al, 2003; deMiguel et al, 1997; Onianwa et al, 2001; 

Lashober et al, 2004; Manoli, 2002). Whilst the contribution of non-exhaust PM to the 

airshed at roadside locations has been widely acknowledged, relatively few studies have 

investigated their contribution to the toxicity of ambient PM. Of these non-exhaust sources 

tyre wear is believed to be the largest  (Lukewille et al, 2001), with published emission 

rates of 100μg/vehicle Km (Boulter, 2006), which are enhanced HGVs (Legret and 

Pagotto, 1999). Consistent with this Zn, which has been employed as a tyre wear tracer 

(Fauser, 1999) was found at the highest concentration in the PM samples examined. It’s 

concentration was not however predictive of PM oxidative potential in any of the assays 

employed. In contrast Ba and Cu, both markers of brake wear (Boulter, 2006, Sternbeck et 

al, 2002) were shown to be associated with the OP, though the strength of the associations 

differed between the various assays and the PM fractions examined. Overall however it 

appeared as though non-exhaust sources of PM, specifically those attributable to brake 

wear were contributing significantly to the PM oxidative potential at this roadside location. 

 

The association between the measured OP parameters and PM aqueous metal 

concentrations appeared to indicate that redox active metals and particularly Cu were 

associated with the oxidative consumption of DTT. Whilst the consumption of both GSH 
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and AA have been shown to be catalysed by redox active metals (Buettner, 1990), it has 

been previously argued that DTT oxidation was predominately reflective of PM quinone 

content and was insensitive to the action of metal catalysts (Cho et al, 2005). The 

consumption of DTT has been proposed to be based on the ability of quinones to catalyse 

the transfer of electrons from it to oxygen to generate superoxide, with the DTT molecule 

becoming oxidised to its disulphide form (Kumagai et al, 2002). Subsequently the 

superoxide produced and hydrogen peroxide formed via dismutation can further drive the 

oxidation of free thiols  (Paolicchi et al, 2002).  It has been reported that Fe and Cu are 

unlikely to contribute meaningfully to DTT oxidation as hydroxyl radicals would be 

generated via Fenton chemistry which are not reactive toward DTT (Cho et al, 2002). This 

claim appears flawed as hydroxyl radicals display a considerable reaction rate toward thiol 

groups (Sjoberg et al, 1982). In addition, urate a highly effective hydroxyl radical 

scavenger (Kaur and Halliwell, 1990) was not consumed in the synthetic RTLF models, 

suggesting that hydroxyl radicals were not formed to any great extent. The associations 

between the extent of DTT oxidation seen with PM samples and their aqueous metal 

content was also supported by evidence of its oxidation in the presence of Cu and the 

capacity of the metal chelators DTPA to significantly reduce the rate of DTT oxidation in a 

panel of model and ambient PM samples. This observation implies that the extent to which 

quinones contribute to the oxidative potential of ambient PM, where this has been muted to 

be significant (Cho et al, 2005) needs to be revisited. Our data do not however exclude the 

involvement of organic radicals/redox catalysts, as significant non-metal dependent OP 

signals were apparent in the AA depletion assay, as well as in the DTT assay when 

experiments were run in the presence of DTPA. 

 

These data suggest that the information derived from the synthetic RTLF model 

captures that obtained separately in the DTT and ascorbate-only depletion assays. As this 

method has been well validated (Zielinski et al, 1999; Mudway et al, 2004; Ayres et al, 

2008) and been shown to be highly repeatable this will remain our preferred method for 

assessing PM oxidative activity. In addition, ascorbate and glutathione depletion rates 

measured in the synthetic RTLF model are available for both NO2 (Kelly and Tetley, 1997) 

and ozone (Mudway and Kelly, 1998), which raises the possibility of generating an 

expression for the total oxidative potential of the ambient airshed.  
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Conclusion  

 All three methods examined provided contrasts in OP between samples extracted 

from PM2.5 and PM10 TEOM filters, with evidence that the OP was greatest in the PM2.5-10 

size range. It was notable that there was not a simplistic association between OPAA and 

OPGSH/μg with the ambient PM concentration, nor between the two individual OP metrics. 

DTT oxidation was found to equate broadly with OPGSH/μg established in the synthetic 

RTLF model, whilst the ascorbate depletion rate was more reflective of the OPAA/μg 

metric. Co-incubations with DTPA indicated that upwards of 60% of the observed activity 

could be attributed to redox active metals, with aqueous Cu, Mn and Mo concentrations 

appearing the most strongly associated with the OP metrics measured at Marylebone Road. 

The associations between PM metals and the DTT oxidation rate contradicted the reported 

specificity of this assay for quinones /environmentally persistent free radicals. To confirm 

this we performed additional experiments that demonstrated that DDT is highly sensitive to 

both quinone and Cu driven oxidation and that PM-induced DTT losses could be inhibited 

using DTPA. In light of these data there is a need to revisit those studies that have 

employed the DTT assay and attributed the measured oxidative activity observed solely to 

non-metal sources. Overall these studies support the use of the synthetic RTLF model to 

obtain measures of PM oxidative potential, based on a single incubation, rather than the 

application of numerous separate assays with the associated increase in variability.  
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Policy relevance  

 Whilst there is a consensus that ambient PM oxidative potential represents a new 

and potentially important ‘health relevant’ metric there is no definitive gold standard for its 

determination. At one level if all the methods produced similarly weighted endpoints this 

would not be a problem, but this information is simply not known. It is also unclear 

whether different methods are more-or-less sensitive to certain PM components or size 

fractions making the drawing of policy relevant conclusions from previously published 

studies difficult. The work presented in Part I of this report represents the first systematic 

attempt to address these issues and has highlighted both where the established methods 

agree and disagree, as well as highlighting errors in previous perceptions of the specificity 

of certain assays for pro-oxidant species. These data will permit a more coherent review of 

the PM oxidative potential literature, as well as less biased interpretation of the 

contribution of PM components to the biological activity of ambient particulates. 
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PART II - Quantifying the London Specific 

Component of PM10 Oxidative Activity 
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Abstract 
 

  Exposure to traffic related pollutants, particularly particulate matter has been 

associated with impaired lung growth and increased rates of allergic and respiratory 

symptoms in both children and adults.  Whilst PM concentrations and numbers are 

enhanced at the roadside, the composition and hence the potential toxicity of particles at 

high traffic sites are also likely to contribute to the enhanced health effects reported in the 

literature. To establish the contribution that roadside PM emissions make to the oxidative 

potential of the London urban airshed we performed a classic Lenschow analysis using  

PM10 TEOM filters collected from three sites over a full calendar year, Jan 2008 – Jan 

2009, representing rural (Harwell), urban background (North Kensington) and roadside 

(Marylebone Road) site classifications. PM extracted from these samples were then 

analysed to assess their intrinsic oxidative potential and quantify their aqueous and total 

metal content. The local roadside contributions to these measurements were then calculated 

based on the subtraction of the rural and urban background activities and concentrations. A 

clear increment was observed in the annual mean rural and urban (background and 

roadside) OPAA/μg values: 0.64±0.28 vs. 1.11±0.25 and 1.24±0.21 respectively. Overall 

the rural and urban background contributions to the ascorbate-dependent oxidative 

potential at the roadside site were 51.3 and 37.9%, implying that only 10.8% of the signal 

was attributable to local sources. No statistical difference was apparent in this measure 

between the urban background and roadside sites until the data were expressed per volume 

of air (OPAA/m3): 20.40±7.57 vs. 45.05±14.38, reflecting the mass increment between the 

two site types. In contrast, significant differences were observed for OPGSH/μg between 

each of the sites: 0.15±0.13 (rural), 0.42±0.17 (urban background) and 0.65±0.18 

(roadside), with 34.5% of the measure attributable to local roadside sources. This 

proportion of the measured signal increased to 68.5% once the data were expressed per m3. 

This data suggested that the OPGSH metric was more strongly associated with PM 

components with limited dispersion from the roadside, whilst OPAA was sensitive to 

components more widely dispersed through the urban airshed. Consistent with this view 

OPGSH/μg was strongly associated with a panel of metals (Cu, Sb, Fe, Mn and Mo) 

reflecting non-exhaust vehicle contributions to the roadside airshed, with a clear brake 

wear signature based on the Cu:Sb ratio. These associations were not apparent at either the 
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background or rural sites consistent with a lack of dispersion. In contrast OPAA/μg was 

associated with PM10 Ni, V and Cr content, at both the roadside and urban background 

sites indicative of a more dispersed source. These data therefore demonstrate a clear 

increment in the OP of roadside PM10 in London ranging from 50-70% when expressed per 

m3. In addition they clearly show that the ascorbate and glutathione OP metrics display 

differential sensitivity to PM components, reflective of different PM sources, with 

OPGSH/μg sensitive to non-exhaust abrasion derived PM and OPAA/μg PM derived from oil 

combustion.  

Key words: Oxidative potential, PM10, Lenschow, Road side, urban background, rural, 
source appointment, metals, vehicular abrasion, oil combustion 
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Figures 
 

Figure 2.1: Temporal trends in PM10 oxidative potential (OP) at Marylebone Road (MY1 - 

inner London roadside site), North Kensington (KC1 - London urban background) and 

Harwell (HA1 - rural site, Oxfordshire) from Jan 2008 – Jan 2009.  

Figure 2.2: Annual contrasts in PM10 OP (per μg and per m3) between the inner London 

roadside (MY1, n=56) and background site (KC1, n=15) with the samples obtained from 

the rural location (HA1, n=15). 

Figure 2.3: Associations (Spearman’s Rank Order correlation) between OPAA/μg and 

OPGSH/μg with the ambient PM10 concentrations across each of the sites.  

Figure 2.4: Associations (Spearman’s Rank Order correlation) between OPAA and OPGSH 

expressed both per μg and per m3 of PM10. 

Figure 2.5: Temporal relationship between ascorbate and glutathione dependant PM10 

oxidative potentials measured at Marylebone Road over a full calendar year, with (upper 

panel) and without  (lower panel) the urban background OP being subtracted to derive a 

road side (rs) specific signature.  

Figure 2.6: Relationship between measures of PM10 oxidative potential expressed per μg 

of filter extracted PM10 with the ambient NOx concentrations (ppb) measured at 

Marylebone Road between Jan 2008 and Jan 2009. 

Figure 2.7: Relationship between measures of PM10 oxidative potential expressed per μg 

and per m3 with wind direction at Marylebone Road, Jan 2008 – Jan 2009. 

Figure 2.8: Wind roses of ascorbate and glutathione dependent OP (per μg), as well as 

NOx centred on MY1, with (lower rose) and without (upper rose) subtraction of the 

background (KC1) activities and concentrations to derive a roadside specific signal. 

Figure 2.9: Temporal trends in PM10 total metal concentrations at Marylebone Road, Jan 

2008 – Jan 2009. 
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Figure 2.10: Total and aqueous PM10 Fe concentrations at Marylebone Road, North 

Kensington and Harwell, Jan 2008 – 2009.  

Figure 2.11: Relationship between measures of oxidative potential expressed per μg of 

filter extracted PM10 with total Fe concentrations at Marylebone Road between Jan 2008 

and Jan 2009. 

Figure 2.12: Total and aqueous PM10 Mo concentrations at Marylebone Road, North 

Kensington and Harwell, Jan 2008 – 2009. 

Figure 2.13: Relationship between measures of oxidative potential expressed per μg of 

filter extracted PM10 with total Mo concentrations at Marylebone Road between Jan 2008 

and Jan 2009. 

Figure 2.14: Total and aqueous PM10 Mn concentrations at Marylebone Road, North 

Kensington and Harwell, Jan 2008 – 2009. 

Figure 2.15: Relationship between measures of oxidative potential expressed per μg of 

filter extracted PM10 with total Mn concentrations at Marylebone Road between Jan 2008 

and Jan 2009. 

Figure 2.16: Total and aqueous PM10 Sr concentrations at Marylebone Road, North 

Kensington and Harwell, Jan 2008 – 2009. 

Figure 2.17: Total and aqueous PM10 Ba concentrations at Marylebone Road, North 

Kensington and Harwell, Jan 2008 – 2009. 

Figure 2.18: Relationship between measures of oxidative potential expressed per μg of 

filter extracted PM10 with total Ba concentrations at Marylebone Road between Jan 2008 

and Jan 2009. 

Figure 2.19: Total and aqueous PM10 Zn concentrations at Marylebone Road, North 

Kensington and Harwell, Jan 2008 – 2009. 

Figure 2.20: Relationship between measures of oxidative potential expressed per μg of 

filter extracted PM10 with total Zn concentrations at Marylebone Road between Jan 2008 

and Jan 2009. 



 

Environmental Research Group     King’s College London  
      

52

Figure 2.21: Total and aqueous PM10 Ni concentrations at Marylebone Road, North 

Kensington and Harwell, Jan 2008 – 2009. 

Figure 2.22: Total and aqueous PM10 Cr concentrations at Marylebone Road, North 

Kensington and Harwell, Jan 2008 – 2009. 

Figure 2.23: Relationship between measures of oxidative potential expressed per μg of 

filter extracted PM10 with total Cr concentrations at Marylebone Road between Jan 2008 

and Jan 2009. 

Figure 2.24: Total and aqueous PM10 V concentrations at Marylebone Road, North 

Kensington and Harwell, Jan 2008 – 2009. 

Figure 2.25: Relationship between measures of oxidative potential expressed per μg of 

filter extracted PM10 with total V concentrations at Marylebone Road between Jan 2008 

and Jan 2009. 

Figure 2.26: Total and aqueous PM10 Cu concentrations at Marylebone Road, North 

Kensington and Harwell, Jan 2008 – 2009. 

Figure 2.27: Relationship between measures of oxidative potential expressed per μg of 

filter extracted PM10 with total Cu concentrations at Marylebone Road between Jan 2008 

and Jan 2009. 

Figure 2.28: Total and aqueous PM10 Sb concentrations at Marylebone Road, North 

Kensington and Harwell, Jan 2008 – 2009. 

Figure 2.29: Relationship between measures of oxidative potential expressed per μg of 

filter extracted PM10 with total Sb concentrations at Marylebone Road between Jan 2008 

and Jan 2009. 

Figure 2.30: Total and aqueous PM10 Al concentrations at Marylebone Road, North 

Kensington and Harwell, Jan 2008 – 2009. 

Figure 2.31: Relationship between measures of oxidative potential expressed per μg of 

filter extracted PM10 with total Al concentrations at Marylebone Road between Jan 2008 

and Jan 2009. 
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Figure 2.32: Total and aqueous PM10 Pb concentrations at Marylebone Road, North 

Kensington and Harwell, Jan 2008 – 2009. 

Figure 2.33: Relationship between measures of oxidative potential expressed per μg of 

filter extracted PM10 with total Pb concentrations at Marylebone Road between Jan 2008 

and Jan 2009. 
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Tables 

Table 2.1: Associations (Spearman’s Rank Order correlations) between PM10 Fe 

concentrations, both total and aqueous with measures of oxidative potential (OPAA, OPGSH 

and OPTOT per μg and m3). 

Table 2.2: Associations between PM10 Mo concentrations, both total and aqueous with 

measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

Table 2.3: Associations between PM10 Mn concentrations, both total and aqueous with 

measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

Table 2.4: Associations between PM10 Sr concentrations, both total and aqueous with 

measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

Table 2.5: Associations between PM10 Ba concentrations, both total and aqueous with 

measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

Table 2.6: Association between PM10 Zn concentrations, both total and aqueous with 

measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

Table 2.7: Associations between PM10 Ni concentrations, both total and aqueous with 

measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

Table 2.8: Associations between PM10 Cr concentrations, both total and aqueous with 

measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

Table 2.9: Associations between PM10 V concentrations, both total and aqueous with 

measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

Table 2.10: Associations between PM10 Cu concentrations, both total and aqueous with 

measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

Table 2.11: Associations between PM10 Sb concentrations, both total and aqueous with 

measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 
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Table 2.12: Associations between PM10 Al concentrations, both total and aqueous with 

measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

Table 2.13: Associations between PM10 Pb concentrations, both total and aqueous with 

measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

Table 2.14: Correlation matrix illustrating the association (Spearman Rank Order 

correlation) between roadside PM10 oxidative potential (OPAA and OPGSH per μg and m3) 

with roadside PM10 metal content at Marylebone Road, Jan 2008 – Jan 2009. 

Table 2.15: Correlation matrix illustrating the association between the true urban 

background PM10 oxidative potential (OPAA and OPGSH) and metal content at the North 

Kensington, Jan 2008 – Jan 2009. 

Table 2.16: Correlation matrix illustrating the association (Spearman Rank Order 

correlation) between PM10 oxidative potential (OPAA and OPGSH) and metal content at the 

rural background site at Harwell, Oxfordshire, Jan 2008 – Jan 2009. 
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Aims 
 

 In the first section of this report we indentified a preferred method for assessing the 

oxidative activity of ambient PM10 based on the incubation of PM samples extracted from 

TEOM filters in a synthetic RTLF. Here we report the use of this model to refine our 

understanding of the actual contribution local traffic sources make to the oxidative 

potential of the particulate airshed in the urban environment, both the roadside micro-

environment and the urban background. To achieve this, we employed the Lenschow 

approach, examining PM10 oxidative activity at three sentinel sites reflecting the rural, 

urban background and roadside environment over a full calendar year, Jan 2008 –Jan 2009.  

To further interrogate the likely source determinants of the measured ascorbate and 

glutathione dependent OP’s, total and aqueous metal concentrations were also measured. 

In addition, the relationship between the OP metrics and wind direction was explored at the 

roadside site to further characterise the likely sources contributing to these measures. We 

hypothesised that PM OP at roadside sites would be enhanced relative to the urban 

background and that this would reflect the enrichment of the PM with traffic derived pro-

oxidant components. 
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Background 

  In the UK emissions from road traffic represent a significant proportion of the PM 

airshed within urban areas, with primary traffic related PM further elevated at the roadside 

(Charron et al., 2007). The significance of the increased PM numbers and concentrations 

at roadside locations is highlighted by a growing body of literature demonstrating 

enhanced negative health impacts in individuals with high exposures in these 

environments, either through residence (Morgenstern et al, 2008), school attendance 

(Janssen et al, 2003), or occupation (Ingle et al, 2005). Children attending schools, or 

living in close to busy roads have been shown to have impaired lung function/growth and 

increased rates of allergic and respiratory symptoms (Janssen et al, 2003; Nicolai et al, 

2003; Gauderman et al, 2004 and 2005; van Vliet et al, 1997; Dales et al, 2008; Oftedal et 

al, 2008; Migliore et al 2009). This linkage is supported by the observed inverse 

relationship between children’s lung function with traffic density (Wjst et al, 1993) and 

between the magnitudes of symptoms with the distance of roads from residential or school 

sites (Kim et al, 2008; Morgenstern et al, 2008). Similar negative impacts on lung function 

and allergic airway disease have also been observed in adults resident in areas 

characterised by high traffic (Sekine et al, 2004; Cesaroni et al, 2008).  

  In the majority of these studies, in addition to traffic density, the greatest health 

impacts have been reported to be associated with roads carrying a high proportion of diesel 

powered heavy and light goods vehicles (Janssen et al, 2003; Brunekreef et al, 1997). 

Consistent with these observational studies, diesel exhaust emissions have been shown to 

elicit pulmonary inflammation (Salvi et al, 1999), impaired lung function (Stenfors et al, 

2004) and alterations in vascular tone (Mills et al, 2007) in controlled human exposure 

studies, as well as real world exposure scenarios (McCreaner et al, 2007). In these studies 

the symptomatic responses observed have been attributed in part to the oxidative properties 

of the exhaust PM (Mudway et al, 2004), via the induction of intra-cellular redox sensitive 

signal pathways (Pourazar et al, 2005). Whilst it’s clear that diesel exhaust PM is 

bioactive in vivo, it should also be noted that the airshed at roadside environments 

comprises not only of primary tail pipe emissions, largely elemental and organic carbon, 

but also has significant contributions from brake wear, tyre wear, road surface abrasion and 
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resuspension in the wake of passing traffic (Thorpe and Harrison, 2008). These later non-

exhaust sources, often characterised by elevated concentrations of transition metals 

(reviewed in Zechmeister et al, 2005), have been estimated to account for approximately 

half of the PM concentration observed at the roadside (Querol et al., 2004; Lenschow et al, 

2001; Harrison et al, 2001), and often predominate in countries with significant road 

sanding and studded tyre use during the Winter months (Omstedt et al., 2005; Forsberg et 

al., 2005). The potential contribution of these components to the observed health effects is 

largely ignored at regulatory level, which focuses on the reduction of tail pipe emissions 

through improvements in engine technology.  

  The potential significance of these non-exhaust PM sources arises from the fact that 

many of the metal components associated with brake and mechanical wear processes (Fe, 

Cu, Ni, Mo, Mn etc, (Schauer et al, 2006; Garg et al, 2000; Boulter, 2006; Zechmeister et 

al, 2005) are redox catalysts capable of generating reactive oxygen species in vivo (Valko 

et al, 2005).  As the capacity of inhaled PM to elicit inflammation and injury at the air-lung 

interface has been attributed to their capacity to induce oxidative stress (Kelly, 2003; Xia et 

al, 2006; Ayres et al, 2008), metals from these sources are likely to contribute significantly 

to the toxicity of PM in the urban airshed. Despite this, these metals and their traffic 

sources are currently unregulated.  In a recent study we demonstrated that the oxidative 

potential of PM10 in London was enhanced in samples collected from roadside 

environments relative to urban background locations (Kelly et al, 2009), reflecting an 

enrichment in these samples of Cu and Ba, markers of brake wear (Schauer et al, 2006; 

Garg et al, 2000; Boulter, 2006). Moreover, the PM10 oxidative potential appeared to 

increase over the 6 years of the study at Marylebone Road, paralleling an increase in 

aqueous Cu concentrations (Kelly et al, 2009). These data  viewed in the context of the 

increase in primary PM10, also observed at roadside sites in London (Fuller and Green, 

2006) and throughout Europe (Harrison et al, 2008) suggest that non-tailpipe sources of 

PM have partially offset the gains predicted to have occurred through improved engine 

technology. Furthermore, they suggest a relative increase in the metal content of roadside 

PM, which would be predicted to increase the toxicity of roadside PM on a per unit mass 

basis. 

  In light of these concerns in the present study we sought to clarify the contribution 

of roadside derived PM to the oxidative potential and composition of London’s airshed. To 
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isolate the actual roadside contribution we adopted the experimental approach of 

Lenschow (Lenschow et al, 2001), performing parallel sampling campaigns at roadside, 

urban background and rural sentinel sites. We focused on assessment of PM10 ascorbate 

and glutathione dependent oxidative potentials (OPAA and OPGSH), expressed per unit mass 

of extracted PM (μg), or per unit volume of sampled air (m3), as well as total and water 

soluble metal concentrations. The metals examined were selected to provide information 

on a range of non-tail pipe traffic sources: road dust resuspension (Fe, Al, Ca) (Viana M et 

al., 2008), tyre (Zn) (Legret and Pagotto, 1999) and brake abrasion (Cu, Ba, Sb) 

(Sternbeck  et al 2002; Boulter, 2006; Garg et al, 2000), as well as oil/fuel combustion 

processes, either as trace elements or fuel additives (Mn, Pb, Cr, Ni and V) (Viana M et al., 

2008). Embedded within this design was the potential to examine the PM compositional 

determinants of the OP metrics, to further clarify and validate the observations made in 

Part I of this report 



 

Environmental Research Group     King’s College London  
      

60

 

Methods 
 

Study area and sampling description - Sampling was performed between Jan 2008 and Jan 

2009 at three locations in the South of England, reflecting rural, urban background and 

roadside site classifications. The rural site (away from major population centres, roads, 

industrial areas or other pollution sources) was situated in Harwell, Oxfordshire (Building 

573.2, Harwell Laboratory, Didcot, Oxfordshire, OX11 0RA). Both the urban (away from 

major sources and broadly representative of town/city-wide background concentrations) 

background and roadside site (with sample inlets between 1m and 5m of the kerbside) were 

located within London, North Kensington and Marylebone Road respectively, with full site 

details available via the London Air Quality Network website 

(http://www.londonair.org.uk).  

Details of the filter archive - A full set of TEOM PM10 filters were obtained from each of 

the sites examined in this study covering the full calendar year Jan 2008 – Jan 2009. Filters 

once collected from the monitoring stations were placed in 50mL Falcon tubes and 

transferred to King’s College London (by post from Harwell) prior to storage in a 

temperature controlled room (4oC). All subsequent extractions were performed in these 

tubes to minimise losses of material from the filters during transport. 

Chemicals and Chelex-resin treated water preparation - All chemicals were obtained from 

Sigma Chemical Company Ltd (Poole, UK) and were of high pressure liquid 

chromatography (HPLC) grade unless otherwise stated, Water for PM chemical 

composition and oxidative potential analysis was deionised and ultra-filtered using an 

Elga-stat filtration system, In addition, prior to use all water was further treated with 

Chelex-100 resin to reduce background metal contamination. Removal of contaminating 

metals from the water-methanol mixture was achieved by the addition of 3g of Chelex-100 

resin per 100 mL, with over-night stirring at 4oC. The resin was then removed by 

centrifugation (3,000 rpm for 15 minutes, 4oC) and the purified 5% methanol solution 

carefully decanted. Prior to use the pH of the water-methanol solution was adjusted to 

neutrality using Chelex resin treated 1M HCl or 1M NaOH.  
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Extraction and re-suspension of TEOM filter PM -TEOM filters were extracted using the 

methodology outlined in Part I of this report. Samples were prepared and archived (-80oC) 

at either 150 or 55.56 μg/mL for determination of metals by ICP-MS and oxidative 

potential in the synthetic RTLF model respectively. Once PM samples had been re-

suspended, the pH of the resultant suspension was checked and where necessary the pH 

was adjusted to 7 as outlined above, prior to their use in the incubation protocols. 

Measuring PM oxidative activities in the synthetic RTLF model - All incubations in the 

synthetic RTLF were performed as outlined in the previous section of this report at a 

standardised final concentration in the incubation vessels of 50 μg/mL. All incubations 

were performed at 37oC and at pH 7. To guarantee inter-assay standardisation, known 

particle and particle free controls (positive: residual oil fly ash; negative: carbon black) 

were run in parallel with the filter extracted PM samples in each batch. Compositional 

details of the control particles used in these incubations have been published previously 

(Miller et al, 1998; Zielinski et al, 1999). 

ICP-MS analysis of PM extracts - Both aqueous and total metals were determined by ICP-

MS. For the determination of aqueous metal concentrations 1-2 mL of the particle 

suspensions (150 μg/mL) prepared in Chelex100-resin treated ultra-pure water (containing 

5% HPLC-grade methanol) were centrifuged at 13,000 rpm for 1 h (4oC) to remove 

particles. To ensure the removal of all particulate material prior to analysis the resultant 

supernatant was passed through Anotop-0.02μm Whatman filters. A volume of the filtrate 

(0.9 mL) was then added to an equal volume of Chelex-100 resin treated water prior to 

analysis by ICP-MS. Samples were then transferred to the Mass Spectroscopy Unit at 

King’s College London for the quantification of Al (isotope 27; natural abundance 100%), 

Ba (135; 6.592%), Cu (63; 69.15%), Fe (56; 91.72%), Mn (55; 100%), Mo (95; 15.92%), 

Ni (60; 26.223%), Pb (208; 52.4%), Cr (52; 83.789%), Sr (88; 82.58%), V (50; 0.25%), Sb 

(121; 57.36%) and Zn (56; 91.72%) by ICP-MS using a ELAN DRC ICP-MS (MSF008). 

The selected isotopes were chosen to avoid known potential isotopic interferences. The 

potential ArO+ interference for the major isotope of iron (56Fe) was removed using the 

dynamic reaction cell through its reaction with ammonia. Elemental concentrations were 

determined with reference to a 7-point standard curve based on an ICP multi element 

standard solution VI CertiPUR® (Merck, Lot. No. OC529648). Antimony which is not 

present in this multi-elemental standard was analysed against its own standard curve 
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(Antimony ICP standard , MERCK). All concentrations were corrected for the background 

elemental concentrations determined in the Chelex-100 resin treated water blank ran in 

parallel to each batch of samples. Each batch of samples were also ran in parallel to  

purified water blanks, as well as aqueous extracts derived from ROFA and a stock 

environmental PM2.5-10 sample (both derived from a 150 μg/mL stock suspension) 

collected from London. The London sample was ran to provide Fe and Cu measurements, 

as these metals were in low abundance in the aqueous extract obtained from the ROFA 

sample. These controls, plus one of the dilutions of the certified multi-elemental standard 

were interspersed at set intervals throughout the experimental run to provide information 

on the potential drift in instrument sensitivity throughout the run. For total metal 

determinations 100 μL of the 150 μg/mL PM stock suspensions  were digested in 0.9 mL 

of dilute Aqua Regia (1:3 HNO3(60%):HCl (30%)) in sealed Teflon vessels in a hot water 

bath at 90°C for 90 minutes.  At the end of this acid digestion the resultant solution was 

further diluted with 6 ml of HPLC grade water to achieve final concentrations of 1.69% 

HNO3, 2.53% HCl and 2.14 µg/mL PM. Thereafter the acid extracts were analyzed as 

outlined above for the aqueous extracts, with digestion blanks (prepared using 100 μl of 

the purified water, 5% methanol solution used for the PM re-suspensions) and NIST 1648a 

samples digested using the same procedure, analyzed at regular intervals throughout the 

experimental run to estimate the extraction efficiency of the method and potential 

instrument drift. All digestion vessels and pipette tips that came into contact with the PM 

suspensions in either protocol were acid washed in 2% HNO3 prior to use. 

Data analysis and statistics - SPSS for windows (version 16) was used for all statistical 

analyses. For the purposes of accepting data as normally distributed we required values of 

skewness and kurtosis to be less than 1. Using these criteria and with reference to 

normality plots all measures of oxidative potential and PM metal concentrations were 

found to be highly skewed, either when expressed per unit mass of extracted PM10 or per 

m3. Consequentially all the data are reported as median values with inter-quartile ranges 

and the Spearman rank order correlation was employed to examine the relationship 

between PM OP, co-pollutant concentrations and aqueous/total metals. Comparison of 

median PM OPs or metal concentrations was performed using Kruskal-Wallis H-test, prior 

to post-hoc testing using the Mann Whitney U test.   
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 To derive roadside (rs) increments of the measured parameters, or measures of the 

‘true’ urban background a simple subtractive approach was adopted. Generally monthly 

sampling periods at the rural and urban background sites, coincided with the 4 weekly 

filter collections at the roadside site, such that a single background value could be 

subtracted from 4 separate roadside measurements to derive the rs increment. Where dates 

failed to coincide, the degree of overlap between the weekly filters and the consecutive 

monthly filters was used which of the background periods was subtracted from the 7-day 

value.  

 To attempt to discriminate the main pollution sources in this study, factor analysis 

was performed employing a varimax rotated component matrix using the elemental data 

from all filters across each site, as well as on a site-by-site basis. Such factor analysis 

uncovers latent structures within a set of variables, based on the strength of their internal 

correlations, which can then be attributed sources; though the actual source attribution is 

subjective and often varies markedly between studies for similar groupings of components 

(reviewed in Viana et al., 2008). Whilst this approach has been widely employed (Viana et 

al., 2008) it should be noted that considerable debate exists about the required sample size 

requirements for a robust PCA analysis (Osborne and Costello, 2004), with the general 

contention that sample sizes of between 50 – 100 are not ideal. Additionally, the 

components identified by these analyses most likely reflect mixed, rather than discrete 

sources and thus the sources can only be generalised and must be regarded with caution. 

Thus whilst these results are described on a site by site basis in this report, the results 

should be interpreted with caution, especially for the urban background and rural sites due 

to the limited number of data points available. 
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Results 
 

 
 A full set of TEOM PM10 filters were obtained from each of the three sites 

examined covering the full calendar year Jan 2008 – Jan 2009. This included 16 filters 

from Harwell (02/01/08 – 14/01/09), including one filter, which was excluded, covering an 

approximate 4 hour collection (27/02/08, 8:30 am – 27/02/08, 11:45 am – collected mass 

of PM10 10.58 μg). The mean (SD) collection interval for each filter was 25.2±9.9 days, 

with intervals ranging from 7-35 days and the collected mass of PM10 ranging from 306.8 – 

2332.4 μg. Fifteen filters were obtained from the North Kensington urban background site 

over the identical period, with the mean collection interval being 21.1±6.2 days, ranging 

from 7-28 days, with filters containing 482.5 – 2414.37 μg PM10. Fifty-six filters were 

collected from the roadside Marylebone Road site, covering collection intervals of between 

7-14 days (mean interval 6.8±2.0 days), with individual filter PM10 masses varying from 

231.1 – 2633.5 μg. PM extracted from these filters were re-suspended at 55.56 and 150 

μg/ml in a purified water, methanol (5% v/v) solution for the subsequent determination of 

PM oxidative potential and total/ aqueous metal concentrations respectively.  

 

The time series of PM10 ascorbate and glutathione dependent OPs (per unit mass 

and m3) from the roadside, urban background and rural sites are illustrated in Figure 2.1, 

with the statistical comparison of the annual values shown in Figure 2.2. These data 

demonstrate clear increments between OPAA and OPGSH expressed per m3 of PM10 between 

the roadside site  (MY1) and the urban background (KC1), and between the rural  (HA1) 

and urban background (KC1) locations, with OP at the later two sites tracking each other 

closely over the period examined (Figure 2.1). The increments between the roadside and 

urban background site ascorbate and glutathione dependent OPs were less clear cut when 

the data were examined on a per unit mass of PM10 basis. Whilst annual OPGSH/μg differed 

significantly between each of the site types (Figure 2.2), it was clear from the temporal 

profile in Figure 2.1, that the roadside to urban background increment was most marked 

during the summer to early autumn period (mid June – late October), with considerable 

overlap in activities over the winter period. For OPAA/μg no significant roadside annual 

increment was observed over the activities measured at KC1, Figure 2.1, though there was 

again evidence of a June – August increment at MY1.  
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Figure 2.1: Temporal trends in PM10 oxidative potential (OP) at Marylebone Road (MY1 - 
inner London roadside site), North Kensington (KC1 - London urban background) and 
Harwell (HA1 - rural site, Oxfordshire) from Jan 2008 – Jan 2009. Ascorbate and 
glutathione dependent OPs are illustrated expressed per unit mass (left hand panel) of PM10 
or per m3 (left hand panel). All data points represent the mean of triplicate incubations. In 
all cases the SD was less than 5% of the mean value. Each data point is plotted to the mid 
date covered by the sampling interval over which the filter was collected. 
 

  Based on these data the overall rural and urban background contributions to the 

OPAA/μg at the roadside site were 51.3 and 37.9%, implying that only 10.8% of the signal 

was attributable to locally produced sources. This roadside contribution to the ascorbate 

dependent OP increased to 54.7% when the data was expressed per m3, reflecting the PM10 

concentration increment at this site relative to the North Kensington urban background.  In 

contrast, for OPGSH/μg at MY1 34.8% of the signal was attributable to local roadside 
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sources (23.4% and 41.8% rural and urban background contributions respectively). This 

proportion of the measured signal increased to 68.5% once the data were expressed per m3. 

This data suggested that the OPGSH metric was more strongly associated with PM 

components with limited dispersion from the roadside, whilst OPAA was sensitive to 

components more widely dispersed throughout the urban airshed. 

As was noted previously in Part I of this report there was no statistically significant 

relationship between OPAA and OPGSH/μg with the average PM10 concentrations observed 

across each of the sampling intervals for any of the site classifications, Figure 2.3. 

Furthermore, ascorbate and glutathione dependent OPs expressed per unit mass were not 

simplistically related at any of the three sites, Figure 2.4. Based on the assumption that 

OPGSH and OPAA therefore reflect the contribution of different PM-associated components 

to the overall oxidative activity of the PM airshed we derived a total expression, OPTOT, 

expressed both per μg and m3 of PM10, which demonstrated significant increments between 

the rural (lowest OP), urban background and roadside (highest OP) sites, Figure 2.2. Using 

this overall measure of OP, local roadside PM emissions contributed 19% to the observed 

activity on a per unit mass basis, increasing to 59.5% when expressed per m3. 

 

To isolate the roadside specific (rs) contribution to PM10 oxidative potential at 

Marylebone Road, we subtracted the values observed at the nearby urban background site 

at North Kensington. As the background site OP values were derived from filters covering 

4-5weeks, whilst the PM10 samples from MY1 were derived from 7 day collections, each 

of the roadside filters had a single background OP value substrated corresponding each 

overlapping background period, Figure 2.5. Figure 2.5 illustrates the impact of this 

approach on the strength of the relationship between OPAA and OPGSH/μg, which as 

outlined above was not significant (r=-0.009 – Spearman’s Rank Order Correlation). 

Removal of the background ascorbate and glutathione dependent OP values resulted in an 

improved relationship between these two metrics at MY1: rsOPAA/μg versus rsOPGSH/μg, 

r=0.310, P<0.05. The temporal relationship between these two rsOP metrics appeared good 

throughout the majority of the year, but began to deviate between Nov 2008 – Jan 2009.  
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Figure 2.2: Annual contrasts in PM10 OP (per μg and per m3) between the inner London 
roadside (MY1, n=56) and background site (KC1, n=15) with the samples obtained from 
the rural location (HA1, n=15). Contrasts are illustrated for OPAA and OPGSH, as well as 
aggregated into a total measurement (OPTOT). Data are presented as box plots with the 
median represented as a solid line, the 25 and 75th percentiles as the upper and lower 
boundaries of the box and the 95th percent confidence intervals by the whiskers. Data were 
initially analysed using the Kruskal-Wallis H-test, prior to post-hoc testing using the Mann 
Whitney U test. Results of these analyses are highlights above: P<0.05 *; P<0.01 **; 
P<0.001 ***.  
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To further explore the relationship between OPAA/μg and OPGSH/μg, with traffic 

derived pollutants at Marylebone Road we examined their association with NOx 

concentrations, both with and without the removal of the urban background signal.  

Significant associations were observed between OPGSH/μg with NOx (r-0.405, P<0.01), but 

not with OPAA/μg (r=-0.171), Figure 2.6. Removal of the background values significantly 

strengthen the association between rsOPGSH/μg with rsNOx (r-0.556, P<0.001) and 

revealed a weak association with rsOPAA/μg (r=0.296, P<0.05) suggesting that the 

glutathione OP measurement was the most sensitive to PM components derived from the 

roadside environment, whist the ascorbate dependent metric was influenced by 

components association with the urban and rural background. 

 
The influence of wind direction on the road side specific and total OP metrics was 

also examined at Marylebone Road using fifteen minute averaged wind direction 

measurements from Heathrow, equivalent to each 7 day PM10 collection period (Figure 

2.7) and wind roses generated for total and roadside-specific OP and NOx (Figure 2.8).  

This data is treated her e in purely descriptive terms due to the limitations of employing 7-

day wind direction averages, especially at a site, where canyon effects have been reported 

(Scaperdas and Colvile, 1999). When the OPAA and OPGSH/μg metrics were employed in 

this analysis there was no clear relationship with wind direction in contrast to NOx where 

elevated concentrations where associated with SW – E wind directions, broadly in line 

with the NSW – ENE orientation of Marylebone Road, Figure 2.8. Removal of the 

background OPs and NOx concentrations resulted in the rsOPAA and rsOPGSH/μg wind 

roses moving more in line with that for NOx, with the greatest activities occurring when 

the wind direction was from the SW-E.  
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Figure 2.3: Associations (Spearman’s Rank Order correlation) between OPAA/μg and 
OPGSH/μg with the ambient PM10 concentrations across each of the sites. Results of the 
correlation analysis are given in each of the panel across all sites, or separately for MY1 
(circles), KC1 (triangles) and HA1 (squares). 
 



 

Environmental Research Group     King’s College London  
      

70

 
 
Figure 2.4: Associations (Spearman’s Rank Order correlation) between OPAA and OPGSH 
expressed both per μg and per m3 of PM10. Results of the correlation analysis are given in 
each of the panels, across all sites, or separately for MY1 (circles), KC1 (triangles) and 
HA1 (squares). 
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Figure 2.5: Temporal relationship between ascorbate and glutathione dependant PM10 
oxidative potentials measured at Marylebone Road over a full calendar year, with (upper 
panel) and without  (lower panel) the urban background OP being subtracted to derive a 
road side (rs) specific signature. The results of a correlation analysis (Spearman’s Rank 
Order) using the full or restricted OP parameters are inset. P<0.05 *. 
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 Total and aqueous metal concentrations were also determined in samples from each 

of the sites. The temporal profiles for total (acid digested) PM10 Fe, Mo, Mn, Sr, Ba, Zn, 

Ni, Cr, V, Cu, Sb, Al and Pb measured at Marylebone Road Jan 2008 – Jan 2009 are 

illustrated in figure 2.9, with the elements grouped through A to F based on similarities in 

their profiles and a high degree of association in univarient correlation analysis.  The 

relationship between PM10 total metals at each of the sites was further investigated using a 

principle component analysis, with Varimax rotation and Kaiser normalisation, as outlined 

in the methods section.  

 

For Marylebone road this analysis identified 3 components with Eigen values 

greater than 1.Component 1 had significant loadings (partial correlations r >0.5) for Mn 

(r=0.92), Sb (0.94), Cu (0.88), Mo (0.92), Pb (0.86), Zn (0.52), Sr (0.62), Fe (0.89) and Al 

(0.52), providing a compositional signature consistent with generic vehicular abrasion 

processes (Schauer et al, 2006; Garg et al, 2000; Boulter, 2006; Zechmeister et al, 2005; 

Viana et al., 2008). The second component was dominated by elements consistent with oil 

combustion: V (0.93), Cr (0.96) and Ni (0.90) (Viana et al., 2008; Pakkanen et al, 2003; 

Allen et al, 2001); whilst component 3 was associated with Ba (0.95), Zn (0.72), Sr (0.72) 

and Al (0.70). This later component provides an ambiguous source signature containing 

elements associated in the literature with both brake (Ba) and tire (Zn) wear, however the 

lack of association with Cu and Sb, may suggest the former is the more likely.  

 

A similar analysis restricted to the samples collected at the North Kensington 

background site similarly extracted three components with Eigen values greater than 1: 

Component 1, Mn (0.51), Sb (0.98), Cu (0.86), Mo (0.96), Pb (0.81), Sr (0.69) and Fe 

(0.90); component 2, V (0.89), Cr (0.95) and Ni (0.92); and component 3, Ba (0.60), Mn 

(0.57), Zn (0.75) and Al (0.77). These component signatures were broadly consistent with 

those reported at the roadside site. Three components were also isolated at the rural site 

(Eigen values > 2), with component one again being consistent with mechanical wear: Mn 

(0.93); Sb (0.95), Cu (0.94), Mo (0.98) and Fe (0.99). The second component at the rural 

site was more characteristic of the third factor from the within London sites: Ba (0.96). Zn 

(0.97) and Sr (0.84), whilst the third component contained the elements interpreted here as 

indicative of long range oil combustion processes: V (0.62), Cr (0.95), Ni (0.88) and Al 

(0.67). 
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Figure 2.6: Relationship between measures of PM10 oxidative potential expressed per μg 
of filter extracted PM10 with the ambient NOx concentrations (ppb) measured at 
Marylebone Road between Jan 2008 and Jan 2009. Data are expressed with (lower panel) 
and without (upper panel) the subtraction of the background oxidative potentials and NOx 
concentration (derived from KC1) to derive the roadside increment. The results of a 
correlation analysis (Spearman’s Rank Order) using the full or restricted OP parameters are 
inset. P<0.05 *; P<0.01**; P<0.001***. 
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Figure 2.7: Relationship between measures of PM10 oxidative potential expressed per μg 
and per m3 with wind direction at Marylebone Road, Jan 2008 – Jan 2009. OP data are 
presented with and without substation of the background OPs established at KC1, with the 
former representing the roadside signal. 
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Figure 2.8: Wind roses of ascorbate and glutathione dependent OP (per μg), as well as 
NOx centred on MY1, with (lower rose) and without (upper rose) subtraction of the 
background (KC1) activities and concentrations to derive a roadside specific signal.  
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Figure 2.9: Temporal trends in PM10 total metal concentrations at Marylebone Road, Jan 
2008 – Jan 2009. The metals have been grouped (A-F) based on similarities in the temporal 
profile; highlighted either by the shaded areas or the indicated peaks All data points 
represent the mean of triplicate readings, with the SD being less than 5% of the mean value 
in all cases. Each data point is plotted to the mid date covered by the sampling interval 
over which the filter was collected. 
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Figure 2.10: Total and aqueous PM10 Fe concentrations at Marylebone Road, North 
Kensington and Harwell, Jan 2008 – 2009. Panels A and B illustrate the temporal profile of 
PM10  Fe concentrations expressed per μg or m3 at each of the selected sites, with the data 
formatted as outlined in the legend to Figure 2.9. Panel C illustrates the statistical 
comparison of the Fe concentrations (μg/mg) at each site, with the figure formatting and 
details of the analyses as outlined in the legend to Figure 2.2. Panel C also illustrates the 
contribution aqueous Fe makes to total PM Fe, with the data summarised as a mean % ± 
SD. Panel D illustrates the statistical comparison of PM total Fe, expressed as ng/m3, with 
panel E showing the site contrasts in aqueous Fe. P<0.05*; P<0.01**; P<0.001***. 



 

Environmental Research Group     King’s College London  
      

78

Table 2.1: Associations (Spearman’s Rank Order) between PM10 Fe concentrations, both 
total and aqueous with measures of oxidative potential (OPAA, OPGSH and OPTOT per μg 
and m3). 

 
 In Figure 2.9 the PM10 Fe, Mn and Mo concentrations observed at MY1 have been 

placed in grouping ‘A’, based both on similar peak concentrations in late June and Mid 

October and strong internal correlations between the three metals: Fe versus Mn, r=0.92, 

P<0.001; Fe versus Mo, r=0.90, P<0.001; Mn versus Mo, r=0.83, P<0.001 (n=53). The Fe 

data is explored in greater detail in Figure 2.10, where the temporal profile at all sites in 

total Fe concentrations expressed per μg (panel A) and m3 (panel B) of PM10 is illustrated.  

 

These data demonstrate clear increments in PM10 Fe content between the rural 

(lowest), background and roadside (highest) sites, with some evidence of that the rural and 

background sites track one another. Whilst these increments are apparent on a per unit 

mass basis, Figure 2.10, panel C, they are magnified once the data are expressed per m3, 

panel D, with considerable temporal variability apparent in the weekly samples from 

Marylebone Road.  

 

Aqueous Fe content was also established in these samples, but differed markedly 

from the total Fe data with significantly lower concentrations measured in the PM samples 

from MY1 compared with KC1. This reflected an enrichment of insoluble Fe in the 

roadside sample with the soluble fraction falling from 2.2±2.0 at HA1, to 1.1±0.7 at KC1 

and 0.3±0.3% at MY1, Figure 2.10, panel C. As would be expected for Fe no relationship 

was apparent between the aqueous and total Fe concentrations at any of the sites examined, 

Table 2.1.  
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 Whilst it has been argued that PM aqueous metal content may be a better 

determinant of their biological activity than concentrations determined by acid digestion 

the relationship between Fe and the OP metrics was not clear cut with variable 

relationships apparent at each site, Table 2.1.  At the roadside and rural sites significant 

associations were noted between aqueous Fe and OPAA/μg, but not at the KC1, Table 2.1. 

In contrast only a weak association was noted between total Fe and OPAA/μg at MY1 

(r=0.274, P<0.05). No positive associations between aqueous Fe and OPGSH/μg were 

observed, with an actual negative association apparent at the roadside site (r=-0.316, 

P<0.01) and in contrast to the ascorbate dependent metric the strongest association being 

with total Fe (r=0.700, P<0.001). When tot OPTOT/μg metric was derived, only the total Fe 

measurement remained predictive (r=0.682, P<0.001), though here the relationship was 

restricted to the roadside site only. The relationships with PM10 total Fe content  were 

strengthened when the data were expressed per m3, though the significant associations 

were largely restricted to the roadside and urban background sites, (Table 2.1, gray shaded 

rows). 

 To examine whether the relationship between PM10 Fe content at the roadside site 

and the determined ascorbate and glutathione oxidative potentials would be improved by 

isolating the roadside specific components in these measures, the background activities and 

concentrations were removed and the associations re-examined, Figure 2.11. Removal of 

the KC1background had little effect on the association between Fe and OPGSH/μg (r=0.730, 

P<0.001 versus 0.700, P<0.0014), but significant strengthen the association between Fe 

and OPAA/μg (r=0.564, P<0.001 versus 0.274, P<0.05), Figure 2.11. 

 The increments between the three site types for Mo were identical to those 

observed for Fe, Figure 2.12, with the highest concentrations seen in PM10 samples from 

MY1. In contrast to PM Fe, enhanced concentrations of aqueous Mo were also noted at 

MY1 and KC1 compared to the rural site, though no contrast was apparent between PM 

from the roadside and urban background locations, Figure 2.12, panels E and F.  

 

As with the PM10 Fe data the largest increments in roadside Mo, expressed per unit 

mass, appeared to occur between June and October, with evidence of an upward drift in 

urban background concentrations from October to December to roadside levels. The most 

notable difference between PM associated Fe and Mo was its degree of solubility, with 
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97.0±30.0% of the total Mo appearing in the aqueous extract in the samples from the rural 

location, falling to 41.8±12.7 and 22.0±8.1% at the urban background and roadside site 

respectively. The high proportion of soluble Mo and the increasing enrichment of the urban 

background and roadside PM with insoluble forms of this metal were reflected by the 

relationships between the two Mo pools at each of the site classifications, Table 2.2, row 

shaded light blue, with the highest correlations observed at Harwell (r=0.81, P<0.001, 

n=14) and the lowest at Marylebone Road (r=0.30, P<0.05, n=53). Unsurprisingly, given 

the high degree of association between PM10 Fe and Mo concentrations, similar 

relationships between Mo and the OP metrics were observed (Table 2.2), with aqueous Mo 

appearing more predictive of OPAA/μg than the total measurement across all sites, whilst 

the total Mo concentrations was the more predictive of OPGSH/μg. When the ascorbate and 

glutathione dependent OPs were combined to derive OPTOT/μg total Mo was more 

predictive at Marylebone Road, whilst the strength of the association between aqueous and 

total Mo was equivalent at North Kensington. No statistically significant associations were 

noted at the rural Harwell site. As was previously noted with the Fe data, expressing the 

metal and OP metric per m3, strengthen the underlying associations reported previously. 

Whilst the total PM10 Mo concentration at the roadside site demonstrated only a relatively 

weak correlation with OPAA/μg, removal of the background concentrations and OP activity 

significantly strengthened the association (r=0.675, P<0.001 versus r=0.279, P<0.05), 

Figure 2.13. In contrast the strength of the association with OPGSH/μg remained similar 

with and without the removal of the background values to derive the roadside specific 

signal, Figure 2.13. 
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Figure 2.11: Relationship between measures of oxidative potential expressed per μg of 
filter extracted PM10 with total Fe concentrations at Marylebone Road between Jan 2008 
and Jan 2009. Data are expressed with (lower panel) and without (upper panel) the 
subtraction of the background oxidative potentials and Fe concentration (derived from 
KC1) to derive the roadside increment. The results of a correlation analysis (Spearman’s 
Rank Order) using the full or restricted OP parameters are inset. P<0.05 *; P<0.01**; 
P<0.001***. 
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Figure 2.12: Total and aqueous PM10 Mo concentrations at Marylebone Road, North 
Kensington and Harwell, Jan 2008 – 2009. Figure formatting and details of the data 
analyses are as outlined in the legend to Figure 2.10. 
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Table 2.2: Associations between PM10 Mo concentrations, both total and aqueous with 
measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

 
 
 

 The final element in the first group of strongly inter-related metals was Mn. As 

with Fe and Mo statistically significant increments in total PM10 Mn were observed 

between each of the site types, with the magnitude of the increments increasing when the 

data were expressed per m3, Figure 2.14, panels A – D. Considerable weekly variation was 

apparent in Mn concentrations at MY1 with evidence again the increment between the 

roadside and background site was largest during the summer months. The solubility of Mn 

was intermediate between Fe and Mo, with the % of the total pool present within the 

aqueous extract being 14.3±5.7, 9.1±1.5 and 4.4±1.5% at the rural, background and 

roadside sites respectively. In contrast to the total Mn increments between sites, no contrast 

was apparent between aqueous Mn in the rural and urban background samples, with the 

PM samples from MY1  demonstrating a trend (P=0.05) toward reduced aqueous Mn 

concentrations compared with North Kensington, Figure 2.14, panel E. It was also notable 

that as the proportion of soluble Mn fell from the rural to roadside sites, so the underlying 

association between the aqueous and total pools apparent in samples from HA1 and KC1 

was lost (Table 2.3, blue shaded row). 

As was the case for both Mo and Fe, aqueous Mn appeared more strongly 

associated with OPAA/μg at the roadside and urban background sites, than the total pool, 

with the reverse being the case for OPGSH/μg, though in this later case a significant positive 

association was only noted at MY1, table 2.3. These associations were strengthen when the 

data were expressed per m3, reflecting the common denominator. 
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Figure 2.13: Relationship between measures of oxidative potential expressed per μg of 
filter extracted PM10 with total Mo concentrations at Marylebone Road between Jan 2008 
and Jan 2009. Data are expressed with (lower panel) and without (upper panel) the 
subtraction of the background oxidative potentials and Mo concentration (derived from 
KC1) to derive the roadside increment. The results of a correlation analysis (Spearman’s 
Rank Order) using the full or restricted OP parameters are inset. P<0.05 *; P<0.01**; 
P<0.001***. 
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Figure 2.14: Total and aqueous PM10 Mn concentrations at Marylebone Road, North 
Kensington and Harwell, Jan 2008 – 2009. Figure formatting and details of the data 
analyses are as outlined in the legend to Figure 2.10. 
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Table 2.3: Associations between PM10 Mn concentrations, both total and aqueous with 
measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

 
When the total OP metric was employed only total Mn was found to be significantly 

associated with this metric, with the association restricted to the roadside site only, table 

2.3. As was previously noted for both Fe and Mo isolating the roadside specific Mn 

concentrations and OPs, resulted in a marked strengthening of the association between 

OPAA/μg and Mn (r=0.59, P<0.001 versus r=0.33, P<0.05), but in contrast to the other 

metals in this group also appeared to strengthen the relationship with OPGSH/μg (r=0.50, 

P<0.001 versus r=0.60, P<0.05), Figure 2.15. 

 The second group of elements (Sr, Ba and Zn), group B, figure 2.9, were 

characterised by a marked elevation in concentrations between the end of July to mid 

December, with peaks mid August, late September and for Sr only, during the first week of 

November, based on the total metal data from Marylebone Road.   Strong internal 

correlations were also apparent between these three metals at this site: Sr versus Ba, 

r=0.84, P<0.001; Sr versus Zn, r=0.56, P<0.001; Ba versus Zn, r=0.73, P<0.001 (n=53). Of 

these elements Sr was selected as a marker of firework activity to account for short term 

emissions likely to occur in the Capital during the Diwali, Guy Fawkes Night and the New 

Year’s celebrations. The observation that Sr is present throughout the year at all three sites 

and is highly associated with both a marker of tyre (Zn) and brake (Ba) wear was 

unexpected. 

 In this study we examined Sr88, the most abundant isotope, which although 

potentially susceptible to interferences from Yb2+, Hf2+ and  Lu2+, was unlikely as doubly  



 

Environmental Research Group     King’s College London  
      

87

 
Figure 2.15: Relationship between measures of oxidative potential expressed per μg of 
filter extracted PM10 with total Mn concentrations at Marylebone Road between Jan 2008 
and Jan 2009. Data are expressed with (lower panel) and without (upper panel) the 
subtraction of the background oxidative potentials and Mn concentration (derived from 
KC1) to derive the roadside increment. The results of a correlation analysis (Spearman’s 
Rank Order) using the full or restricted OP parameters are inset. P<0.05 *; P<0.01**; 
P<0.001***. 
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Figure 2.16: Total and aqueous PM10 Sr concentrations at Marylebone Road, North 
Kensington and Harwell, Jan 2008 – 2009. Figure formatting and details of the data 
analyses are as outlined in the legend to Figure 2.10. 
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Table 2.4: Associations between PM10 Sr concentrations, both total and aqueous with 
measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

 
charged ions were tuned down relative to Ba2+/Ba which has a very low second ionisation 

potential. As for polyatomics, Ca(44)2, GeC, SeC, GeN & GeO are also possible 

interferences but again highly unlikely as oxides are tuned down to 3% of the CeO/Ce 

ratio. We therefore contend that the Sr measurement is an accurate reflection of the 

concentrations of this element in ambient PM10. 

 Unlike the group A metals no increment in the annual concentrations of total Sr 

were apparent between the rural urban, background or roadside sites when the data were 

expressed per μg of PM10, Figure 2.17, panels A and C, though a significant increase in Sr 

concentration was observed at MY1 relative to HA1 and KC1 when the data were 

expressed per m3, figure 2.17, panels B and D.  Aqueous Sr concentrations represented 

35.8±11.3, 43.8±8.6 and 32.9±10.8% of the total pool at HA1, KC1 and MY1 respectively, 

with the proportion at MY1 significantly reduced (P<0.01) with respect to the urban 

background site, Figure 2.17, panel B. Consistent with this the annual concentration of 

aqueous Sr at Marylebone Road was significantly reduced compared with North 

Kensington, through equivalent to the concentrations measured at Harwell. No positive 

associations were noted between total or aqueous Sr expressed per μg of PM10 with 

OPAA/μg, whilst total Sr was positively associated with OPGSH/μg at MY1 and KC1, Table 

2.4. When the OPTOT metric was derived this was only found to be associated with total Sr 

at the roadside site. 
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Figure 2.17: Total and aqueous PM10 Ba concentrations at Marylebone Road, North 
Kensington and Harwell, Jan 2008 – 2009. Panels A and B illustrate the temporal profile of 
PM10  Ba concentrations expressed per μg or m3 at each of the selected sites, with the data 
formatted as outlined in the legend to figure 2.9. Panel C illustrates the statistical 
comparison of the Ba concentrations (μg/mg) at each site, with the figure formatting and 
details of the analyses as outlined in the legend to figure 2.2. Panel C also illustrates the 
contribution aqueous Ba makes to total PM Ba, with the data summarised as a mean % ± 
SD. Panel D illustrates the statistical comparison of PM total Ba, expressed as ng/m3. Panel 
E illustrates the temporal profile for aqueous Ba at each of the sites with panel F showing 
the site contrasts in aqueous Ba. P<0.05*; P<0.01**; P<0.001***. 
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Table 2.5: Associations between PM10 Ba concentrations, both total and aqueous with 
measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

 
 A clear roadside increment in annual PM10 Ba concentrations was observed at 

Marylebone Road compared with the urban background and rural sites, both when the data 

were expressed per unit mass, Figure 2.17, panels A and C, and m3, Figure 2.17, panels B 

and D. Notably there was no rural to urban background increment in Ba concentration 

(both total and aqueous), with little temporal relationship between the concentrations 

measured at these two sites.  

 Whilst only a small proportion of the total PM10 Ba concentration was present in an 

aqueous form: 4.2±2.9, 7.0±2.5 and 7.1±3.3% at HA1, KC1 and MY1 respectively, 

significantly higher concentrations of aqueous Ba were observed at the roadside site, 

relative to the rural and urban background locations, Figure 2.17, panels E and F, with 

significant associations between total and aqueous Ba concentrations at MY1 and KC1, 

Table 2.5, blue shaded row. Whilst significant associations were not observed between 

total or aqueous Ba concentrations with OPAA/μg or OPAA/m3, OPGSH/μg was associated 

with both total and aqueous Ba, although these correlations were restricted to MY1 and 

KC1 OPTOT was significantly associated with both total and aqueous Ba, with the later 

association the strongest, though again these associations were only observed at the 

roadside site, Table 2.5. Whilst a weak association was apparent between OPGSH/μg and 

total Ba at Marylebone Road (r=0.31, P<0.05), in contrast to the metals previously 

discussed subtraction of the urban background concentrations and OPs failed to improve 

the strength of the relationship. 



 

Environmental Research Group     King’s College London  
      

92

  

 
Figure 2.18: Relationship between measures of oxidative potential expressed per μg of 
filter extracted PM10 with total Ba concentrations at Marylebone Road between Jan 2008 
and Jan 2009. Data are expressed with (lower panel) and without (upper panel) the 
subtraction of the background oxidative potentials and Ba concentration (derived from 
KC1) to derive the roadside increment. The results of a correlation analysis (Spearman’s 
Rank Order) using the full or restricted OP parameters are inset. P<0.05 *. 
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Figure 2.19: Total and aqueous PM10 Zn concentrations at Marylebone Road, North 
Kensington and Harwell, Jan 2008 – 2009. Figure formatting and details of the data 
analyses are as outlined in the legend to Figure 2.10. 
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Table 2.6: Associations between PM10 Zn concentrations, both total and aqueous with 
measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

 
 Increased Zn concentrations were associated with samples from Marylebone Road 

compared with the rural and urban background sites, both per μg and m3 of PM10, Figure 

2.9, panels A –D, though the increment was mostly apparent from August 2008 to January 

2009. In contrast, aqueous Zn concentrations were equivalent between the three sites, 

Figure 2.19, panel E, with the aqueous pool constituting 32.4±14.0, 40.6±6.2 and 

23.7±15.0% of the total PM10 Zn content. Total Zn, expressed either per μg or m3 was not 

associated with OPGSH/μg or m3 at any of the sites. In contrast both aqueous and total Zn 

was significantly associated with ascorbate dependent oxidative potential at the roadside 

and urban background sites, but not at Harwell, Table 2.6. Whilst PM10 Zn content was 

correlated with OPAA/μg at MY1 (r=0.38, P<0.05), removal of the urban background 

concentrations did not strengthen the underlying relationship (r=0.37, P<0.05), Figure 

2.20. 

 

 The third group of elements (C in Figure 2.9) consisted of Ni, Cr and V, defined by 

similar temporal profiles at Marylebone Road, with three peaks in the measured 

concentrations in July – August and a later peak at the end of 2008, and strong internal 

correlations: Ni versus Cr, r=0.74, P<0.001; Ni versus V, r=0.65, P<0.001; Cr versus V, 

r=0.74, P<0.001 (n=53). These three metals have previously been attributed to oil 

combustion (Pakkanen et al, 2003) and because of their enrichment in the accumulation 

mode have been proposed to be the result of long range transported combustion sources 

(Allen et al, 2001), including shipping (Isaksen et al, 2001; Corbett and Fishbeck, 1997). 
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Figure 2.20: Relationship between measures of oxidative potential expressed per μg of 
filter extracted PM10 with total Zn concentrations at Marylebone Road between Jan 2008 
and Jan 2009. Data are expressed with (lower panel) and without (upper panel) the 
subtraction of the background oxidative potentials and Zn concentration (derived from 
KC1) to derive the roadside increment. The results of a correlation analysis (Spearman’s 
Rank Order) using the full or restricted OP parameters are inset. P<0.05 *; P<0.01**; 
P<0.001***. 
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Figure 2.21: Total and aqueous PM10 Ni concentrations at Marylebone Road, North 
Kensington and Harwell, Jan 2008 – 2009. Figure formatting and details of the data 
analyses are as outlined in the legend to Figure 2.10. 
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Table 2.7: Associations between PM10 Ni concentrations, both total and aqueous with 
measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

 
No contrast was apparent in total Ni concentrations between the three site types 

(Figure 2.21, panels A-E), though the proportion of aqueous Ni fell from the rural to the 

roadside sites: 36.4±21.8 (HA1), 29.6±21.5 (KC1) and 14.3±9.4% (MY1), consistent with 

an enrichment of insoluble forms of Ni at the roadside. Aqueous and total Ni was only 

found to be associated at the roadside site, Table 2.7, row highlighted in blue. Consistent 

with this, the concentration of Ni was significantly reduced in samples from Marylebone 

Road, compared with the rural and background sites, Figure 2.21, panel E. On a per mass 

basis only aqueous Ni was associated with OPAA/μg at MY1 and KC1 (Table 2.7), with 

negative associations apparent at these sites with OPGSH/μg.  

 

In contrast to Ni, PM10 total Cr displayed a clear roadside increment in 

concentration compared with the rural and urban background sites, both when the 

concentrations were expressed per unit mass (Figure 2.22, panels A and C) or m3 of PM10 

(Figure 2.22, panels B and D). In contrast both total and aqueous Cr was equivalent at the 

rural and urban background sites suggesting a very local roadside source, with the 

proportion of soluble Cr lowest in samples from Marylebone Road: 7.7±6.3 (HA1), 

9.9±10.6 (KC1) and 2.3±2.4% (MY1). This enrichment of the roadside sample with 

insoluble forms of Cr was reflected in the reduced concentration of aqueous Cr observed at 

Marylebone Road compared to Harwell and North Kensington (Figure 2.22, panel E). As 

with Ni as significant association between PM10 aqueous and total Cr was only observed at 

the roadside site, Table 2.8. At both MY1 and KC1, aqueous, but not total Cr was  



 

Environmental Research Group     King’s College London  
      

98

 
 
Figure 2.22: Total and aqueous PM10 Cr concentrations at Marylebone Road, North 
Kensington and Harwell, Jan 2008 – 2009. Figure formatting and details of the data 
analyses are as outlined in the legend to Figure 2.10. 
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Table 2.8: Associations between PM10 Cr concentrations, both total and aqueous with 
measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

 
significantly associated with OPAA/μg, with no positive correlations observed with 

OPGSH/μg. In contrast, total Cr was significantly associated with the glutathione dependant 

oxidative potential, though this association was restricted to the roadside site only. This 

association was weakened by removing the background Cr and OPGSH/μg using the data 

from North Kensington, r=0.37, (P<0.01) versus r=0.21, Figure 2.23. In contrast OPAA/μg 

was only associated with PM10 total Cr following the removal of the background 

concentrations and activities (r=0.07 versus r=0.33(P<0.01)), Figure 2.23. 

 The pattern of PM10 V concentrations across the three site types was identical to 

that observed for Cr, with clear increments in concentration between the roadside site with 

the rural and urban background locations, but no contrast in the concentrations in these 

later two site types, Figure 2.24. Similarly, aqueous V was decreased at MY1, compared 

with the concentrations reported at HA1 and KC1 reflecting the decreased solubility 

observed across these site classifications: 17.8±17.4 (HA1), 8.3±6.3 (KC1) and 3.5±4.9% 

(MY1). No simplistic association between PM aqueous and total V was apparent at any of 

the sites examined, Table 2.9. Whilst no positive associations were noted between 

OPGSH/μg with total or aqueous V at any of the sites considered, both V measures were 

significantly associated with OPAA/μg at MY1, Table 2.9. The strength of the association 

with total V at MY1 was only marginally improved by the subtraction of the background 

metal concentration and OPAA/μg activity, r=0.33, P<0.05 versus r=0.40, P<0.01, Figure 

2.25.  
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Figure 2.23: Relationship between measures of oxidative potential expressed per μg of 
filter extracted PM10 with total Cr concentrations at Marylebone Road between Jan 2008 
and Jan 2009. Data are expressed with (lower panel) and without (upper panel) the 
subtraction of the background oxidative potentials and Cr concentration (derived from 
KC1) to derive the roadside increment. The results of a correlation analysis (Spearman’s 
Rank Order) using the full or restricted OP parameters are inset. P<0.05 *; P<0.01**; 
P<0.001***. 
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Figure 2.24: Total and aqueous PM10 V concentrations at Marylebone Road, North 
Kensington and Harwell, Jan 2008 – 2009. Figure formatting and details of the data 
analyses are as outlined in the legend to Figure 2.10. 
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Table 2.9: Associations between PM10 V concentrations, both total and aqueous with 
measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

 
PM10 Cu and Sb were grouped together (group D) and not with Zn, Ba and Sr 

(group B), as was suggested by the principal factor analysis, due to differences in their 

temporal profile at Marylebone Road, figure 2.9. Whilst the later three elements 

demonstrated peak concentrations between the 1st week in August to the end of December, 

Cu and Sb demonstrated elevated concentrations earlier in the year from mid-May through 

to the first week of September. Together this grouping of elements can be viewed as 

indicative of vehicle-related erosion processes, Cu, Sb and Ba reflecting brake wear (Garg 

et al. 2000; Weckwerth 2001; Sternbeck et al. 2002), whilst Zn is commonly employed as a 

marker of tyre wear (Sternbeck et al. 2002).  Separating these elements therefore provides 

a clearer marker of tyre (Zn) and brake wear (Cu and Sb), through the basis for the 

relationship between Zn, Ba and Sr remains unclear. Additionally, Sternbeck et al (2002), 

who examined PM-metal emissions from tunnel sites in Gothenburg, Sweden, calculated 

that a ratio of Cu:Sb of 4.3±2.1 was predictive of Cu released from brake pads. In the 

present study the ratios of these elements at each of the site types were: 5.0±3.5 (HA1), 

4.3±1.1 (KC1), and 7.3±2.5 (MY1) for total metals and 3.4±1.5 (HA1), 5.6±1.4 (KC1), and 

7.1±1.2 (MY1) for the aqueous fraction consistent with the brake signature. 

  

 Total Cu concentrations showed clear rural to urban background and background to 

roadside increments in concentration both on a per unit mass (Figure 2.26, panels A and C) 

and m3 basis (Figure 2.26, panels B and D), with the roadside increment sustained 

throughout the year bar late December. Notably, there was little apparent temporal  
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Figure 2.25: Relationship between measures of oxidative potential expressed per μg of 
filter extracted PM10 with total V concentrations at Marylebone Road between Jan 2008 
and Jan 2009. Data are expressed with (lower panel) and without (upper panel) the 
subtraction of the background oxidative potentials and V concentration (derived from 
KC1) to derive the roadside increment. The results of a correlation analysis (Spearman’s 
Rank Order) using the full or restricted OP parameters are inset. P<0.05 *; P<0.01**; 
P<0.001***. 
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Figure 2.26: Total and aqueous PM10 Cu concentrations at Marylebone Road, North 
Kensington and Harwell, Jan 2008 – 2009. Panels A and B illustrate the temporal profile of 
PM10  Cu concentrations expressed per μg or m3 at each of the selected sites, with the data 
formatted as outlined in the legend to figure 2.9. Panel C illustrates the statistical 
comparison of the Cu concentrations (μg/mg) at each site, with the figure formatting and 
details of the analyses as outlined in the legend to figure 2.2. Panel C also illustrates the 
contribution aqueous Fe makes to total PM Cu, with the data summarised as a mean % ± 
SD. Panel D illustrates the statistical comparison of PM total Cu, expressed as ng/m3. 
Panel E illustrates the temporal profile for aqueous Cu at each of the sites with panel F 
showing the site contrasts in aqueous Cu. P<0.05*; P<0.01**; P<0.001***. 
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Table 2.10: Associations between PM10 Cu concentrations, both total and aqueous with 
measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

 
correlation between the concentrations measured at the rural and urban background site. 

Aqueous Cu concentrations were also enriched in the roadside and urban background PM10 

samples relative to the rural samples (Figure 2.26, panels E and F), with some evidence of 

trend (P=0.07) toward an increase in water soluble Cu at MY1, with the increment being 

clearest during the Sumer months. In line with many of the metals examined the proportion 

of soluble Cu fell from the rural to roadside site: 37.3±22.6 (HA1), 25.8±7.4 (KC1) and 

11.8±4.8% (MY1), with significant associations between the total and aqueous Cu pools 

observed at the roadside and urban background sites, Table 2.10.  

 No association was observed between total Cu and OPAA/μg at any of the sites, 

with more consistent relationships apparent with the aqueous pool, Table 2.10.  In contrast 

aqueous Cu was not related to OPGSH/μg, with significant associations only noted with 

total Cu at MY1. Subtraction of the urban background Cu concentration and oxidative 

potential did not strengthen this relationship: r=0.69, P<0.001 versus r=0.63, P<0.001, 

Figure 2.27. In contrast subtracting the background significantly improved the relationship 

between OPAA/μg with total PM10 Cu: r=0.202 versus r=0.50, P<0.001. 

 The pattern of relationships between the site classifications with total Sb was 

similar to that reported for Cu, with clear increases in Sb content at the roadside site 

relative to the urban background and between the rural and background sites, Figure 2.28, 

panels A - E. In contrast to Cu, where there was little temporal relationship between the  
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Figure 2.27: Relationship between measures of oxidative potential expressed per μg of 
filter extracted PM10 with total Cu concentrations at Marylebone Road between Jan 2008 
and Jan 2009. Data are expressed with (lower panel) and without (upper panel) the 
subtraction of the background oxidative potentials and Cu concentration (derived from 
KC1) to derive the roadside increment. The results of a correlation analysis (Spearman’s 
Rank Order) using the full or restricted OP parameters are inset. P<0.05 *; P<0.01**; 
P<0.001***. 
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Figure 2.28: Total and aqueous PM10 Sb concentrations at Marylebone Road, North 
Kensington and Harwell, Jan 2008 – 2009. Figure formatting and details of the data 
analyses are as outlined in the legend to Figure 2.10. 
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Table 2.11: Associations between PM10 Sb concentrations, both total and aqueous with 
measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

 
concentrations measured at the rural and urban background sites, Sb concentrations tracked 

closely throughout the year, peaking during the winter. Also in contrast to Cu there was no  

enrichment of soluble Cu in roadside PM10, but rather a significant decrease relative to the 

background site, reflecting the sharp reduction in the aqueous pool: 68.8±7.8 (HA1), 

34.2±5.2 (KC1) and 11.9±4.3% (MY1), Figure 2.28, panel C. Both total and aqueous Sb 

was significantly correlated with OPAA/μg at all sites, though the strength of the 

relationship was stronger with the soluble pool, Table 2.11. The relationship between Sb 

and OPGSH/μg was more site specific, with total Sr being significantly associated with the 

glutathione metric at MY1, both pools being equally predictive at KC1, and no association 

apparent at HA1, Table 2.11. As with Cu removing background total Sb and OPs had little 

effect on the strength of the association between OPGSH/μg and Sb: r=0.66, P<0.001 versus 

r=0.73, P<0.001, Figure 3.29. In contrast removing background concentrations and 

activities significantly improved the strength of association between OPAA/μg with total 

Sb, r=0.29, P<0.05 versus r=0.60, P<0.001, Figure 2.29 

 

 The temporal profile of Al at MY1 was not easily related to any of the other 

elements examined, though a significant roadside increment was apparent irrespective of 

whether the data were expressed per unit mass (Figure 2.30, panels A and C) or m3 (Figure 

2.30, panels B and D). Like the majority of the elements considered the proportion of the 

total pool present as aqueous Al was reduced at the roadside site relative to the rural and 

urban background locations, Figure 2.30, panel C,  reflected by a decreased concentration  
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Figure 2.29: Relationship between measures of oxidative potential expressed per μg of 
filter extracted PM10 with total Sb concentrations at Marylebone Road between Jan 2008 
and Jan 2009. Data are expressed with (lower panel) and without (upper panel) the 
subtraction of the background oxidative potentials and Sb concentration (derived from 
KC1) to derive the roadside increment. The results of a correlation analysis (Spearman’s 
Rank Order) using the full or restricted OP parameters are inset. P<0.05 *; P<0.01**; 
P<0.001***. 
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Figure 2.30: Total and aqueous PM10 Al concentrations at Marylebone Road, North 
Kensington and Harwell, Jan 2008 – 2009. Figure formatting and details of the data 
analyses are as outlined in the legend to Figure 2.10. 
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Table 2.12: Associations between PM10 Al concentrations, both total and aqueous with 
measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

 
of soluble Al at MY1 relative to HA1 and KC1 (panel E). Whilst PM10 Al concentrations 

were not associated with OPGSH/μg at any of the sites, a weak positive association between  

total and aqueous Al was noted with OPAA/μg at MY1, Table 2.12. Removal of the 

background OPs and total Al concentrations from the measurements made at MY1 failed 

to improve these associations and in the case of OPAA/μg actually weaken the original 

association, r=0.29, P<0.05 versus r=0.01, Figure 2.31. 

 Pb concentrations in PM10 from each of the site classifications are shown in Figure 

2.32, and demonstrate the absence of a clear increase in roadside concentrations when 

either total or aqueous Pb are considered on a per unit mass basis (panels A, C and E). Pb 

concentrations, both total and aqueous, were decreased at Marylebone Road relative to the 

concentrations found in the samples from North Kensington. Notably the temporal profile 

of PM10 Pb at the rural and urban background locations tracked each other closely, with 

clear evidence of increased concentrations from Mid September 2008 – Jan 2009 (panel 

A). A similar temporal trend was also apparent at MY1 with the concentrations closely 

tracking and being equivalent to those reported at the rural site. Consistent with the 

decreased concentration of aqueous Pb at MY1 the percentage of the total Pb pool present 

in its water soluble form fell from the rural to roadside site: 27.5±11.7 (HA1), 17.9±8.3 

(KC1) and 6.4±4.7% (MY1), Figure 3.32, panel C, with evidence that the total and 

aqueous pools were statistically associated only at HA1 and MY1 (Table 2.13, row 

highlighted in blue). 
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Figure 2.31: Relationship between measures of oxidative potential expressed per μg of 
filter extracted PM10 with total Al concentrations at Marylebone Road between Jan 2008 
and Jan 2009. Data are expressed with (lower panel) and without (upper panel) the 
subtraction of the background oxidative potentials and Al concentration (derived from 
KC1) to derive the roadside increment. The results of a correlation analysis (Spearman’s 
Rank Order) using the full or restricted OP parameters are inset. P<0.05 *; P<0.01**; 
P<0.001***. 
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Figure 2.32: Total and aqueous PM10 Pb concentrations at Marylebone Road, North 
Kensington and Harwell, Jan 2008 – 2009. Figure formatting and details of the data 
analyses are as outlined in the legend to Figure 2.10. 
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Table 2.13: Associations between PM10 Pb concentrations, both total and aqueous with 
measures of oxidative potential (OPAA, OPGSH and OPTOT per μg and m3). 

 
Throughout the discussion of the metal components of PM10 and their relationship 

to the ascorbate and glutathione dependent oxidative potentials the general pattern that has 

emerged is that rsOPGSH/μg is significantly and positively correlated with a panel of metals 

(Fe, Mn, Mo, Cu and Sb), but that associations only emerge for OPAA/μg once the urban 

background contribution is removed. Conversely rsOPGSH/μg is significantly associated 

with PM10 V, Cr and Ni, whilst the ascorbate sensitive metric is not related to these 

elements.  The relationships between the OP metric and PM components at the roadside 

following the subtraction of the urban background are summarised in table 2.14, both per 

μg and per m3. In addition, the correlation matrix illustrates the association between the rs 

PM components, specifically between groups of highly associated elements, reflecting 

non-exhaust abrasion processes (Cu, Fe, Sb, Mn and Mo), long range oil combustion (V, 

Cr and Ni) and an additional grouping including Zn, Ba and Sr, with no defined single 

source.  

A similar correlation matrix is presented in table 2.15 for the ‘true’ urban 

background (minus the rural contribution) to illustrate the associations between PM10 

oxidative potentials and components. What is notable in this data set is the absence of any 

association between OPGSH/μg with the panel of metals observed at the roadside, whilst the 

significant relationships between OPAA/μg with elements indicative of oil combustion 

remain. This suggests limited dispersion of Cu, Fe, Sb, Mn and Mo from the roadside 

environment and hence these elements are likely to be largely enriched within the  
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Table 2.14: Correlation matrix illustrating the association (Spearman Rank Order 
correlation) between roadside PM10 oxidative potential (OPAA and OPGSH per μg and m3) 
with roadside PM10 metal content at Marylebone Road, Jan 2008 – Jan 2009. The upper 
right hand portion of the matrix illustrates the association between roadside increments 
(with the urban background subtracted) in metals and OP for the data expressed per unit 
mass of PM10, whilst the lower left hand portion shows the associations for the data 
expressed per m3. All significant associations are highlighted in red text, with the portion 
of the matrix addressing OP versus metal association’s shaded grey. The associations 
between metal components, per unit mass and per m3 are illustrated in the non-grey shaded 
area with significant associations with a Spearman rho of >0.70 shaded light blue, >0.50 
light green and <0.50 lilac. 

 

coarse PM mode. Finally, an equivalent correlation matrix is presented for the rural site 

(table 2.16). At this regional background level the relationship between OPAA/μg with V, 

Cr and Ni is no longer apparent. Instead significant correlations between OPAA/μg and Sb, 

Mn and Sr are observed, suggesting no clear source contribution. These data also suggest 

that either the ‘long-range’ oil combustion source impacting on the London airshed is 

predominately derived from the East of the city (Harwell being situated to the West), or 

that the Cr, Ni and V signature is derived from sources (other than vehicular traffic) within 

the cities metropolitan area. 
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Table 2.15: Correlation matrix illustrating the association between the true urban 
background PM10 oxidative potential (OPAA and OPGSH) and metal content at the North 
Kensington, Jan 2008 – Jan 2009. The upper right hand portion of the matrix illustrates the 
association between the true urban background (following subtraction of the rural 
component) metal content and OP for the data expressed per unit mass of PM10, whilst the 
lower left hand portion shows the associations for the data expressed per m3. All 
significant associations are highlighted in red text, with the portion of the matrix 
addressing OP versus metal association’s shaded grey. The associations between metal 
components, per unit mass and per m3 are illustrated in the non-grey shaded area with 
significant associations with a Spearman rho of >0.70 shaded light blue, >0.50 light green 
and <0.50 lilac. 
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Table 2.16: Correlation matrix illustrating the association (Spearman Rank Order 
correlation) between PM10 oxidative potential (OPAA and OPGSH) and metal content at the 
rural background site at Harwell, Oxfordshire, Jan 2008 – Jan 2009. The upper right hand 
portion of the matrix illustrates the association metals and OP for the data expressed per 
unit mass of PM10, whilst the lower left hand portion shows the associations for the data 
expressed per m3. All significant associations are highlighted in red text, with the portion 
of the matrix addressing OP versus metal association’s shaded grey. The associations 
between metal components, per unit mass and per m3 are illustrated in the non-grey shaded 
area with significant associations with a Spearman rho of >0.70 shaded light blue, >0.50 
light green and <0.50 lilac. 
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Discussion 
 

In Part II of this report we adopted the following approaches to investigate the 

sources and compositional determinants of roadside PM10 oxidative potential: (a) 

examination the relationship of OP with wind direction to identify major source 

contributions; (b) investigation of the correlation with NOx as a gaseous traffic tracer; and 

(c) subtraction of the rural and urban background OP from that measured at the roadside to 

isolate the actual roadside contribution. The Lenschow approach has been widely used for 

source apportionment studies (Lenschow et al., 2001) but has been employed here for the 

first time to isolate the contribution of traffic derived PM to the oxidative nature of the 

urban particulate air shed in London. Each of these approaches have employed measures of 

ascorbate and glutathione dependent OP, expressed per unit mass of collected PM, or per 

m3, derived from the synthetic RTLF model described in the first part of this report. In 

addition, as OP is primarily driven by metals present in/on PM total (acid digested) and 

aqueous (water soluble) elemental components were measured at each of the site 

classifications: roadside (Marylebone Road), urban background (North Kensington) and 

rural (Harwell). These metals, indicative of local roadside emissions with limited 

dispersion (brake and tyre wear, re-suspension road dust) and more dispersed sources (long 

range oil combustion sources) were then employed to establish the determinants of PM 

oxidative potential (Viana M et al., 2008; Thorpe and Harrison, 2008). The major findings 

arising from this work were as follows: 

(1) A clear roadside increment in OPGSH/μg was observed at Marylebone Road, 

corresponding to approximately one third of the measured activity. This 

roadside contribution increased to two-thirds when the data were expressed per 

unit volume of air (m3). This observation is consistent with this measure of 

PM10 OP being sensitive to local emissions at the roadside. This view was 

strengthened by the underlying association between NOx concentrations and 

OPGSH/μg at the roadside site, as well as with the proximity of the signal to the 

major road sources based on wind direction analysis. 

(2) There was no statistical difference between OPAA/μg measured in parallel at the 

roadside and urban background locations, suggesting that the sources 
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influencing this measure were more widely dispersed within the urban 

environment. Consistent with this view OPAA/μg was not significantly 

associated with NOx at Marylebone Road.  A roadside increment in this 

parameter (35% of the total) was noted when the data were expressed per m3, 

reflecting the increased PM10 concentration at the roadside. The wind rose for 

OPAA/μg at Marylebone Road did not show any clear relationship with the 

major road sources until the urban background contribution was removed. 

(3) OPAA and OPGSH were not simply related to one another suggesting that these 

two measures are influenced by different panels of metals, reflecting differing 

sources, one local with limited dispersion from the roadside and the other, more 

widely dispersed. Based on this observation we contend that the combined sum 

of these two measures is indicative of the total oxidative potential of the 

ambient PM air shed. 

(4) Based on a principal component analysis of the total metal measurements, allied 

to a descriptive examination of the temporal profile in the metals measured at 

each of the sentinel sites, three to four source profiles were apparent reflecting 

brake wear (Sb, Cu), generic mechanical wear (Fe, Mn and Mo), other abrasion 

processes, including tyre wear (Zn, Ba and Sr) and oil combustion (Ni, V and 

Cr).  

(5) Roadside increments in the concentration of the following metals were apparent 

at Marylebone Road, expressed per μg of PM10: Fe, Mo, Mn, Ba, Zn, Cr, Cu, 

Sb and Al. Of these metals, those associated with engine and brake wear (Fe, 

Mo, Mn, Cu and Sb) demonstrated decreased aqueous solubility across the 

rural, urban background to roadside site classifications. Only Ba, which has 

traditionally been employed as a tyre wear marker (Viana M et al., 2008; 

Thorpe and Harrison, 2008) displayed enhanced solubility at the roadside and 

in the present investigation, was not simplistically related to the measured Cu 

and Sb concentrations.  

(6) OPGSH/μg at Marylebone Road was significantly associated with the Fe, Mo, 

Mn, Cu, Cr and Sb content of roadside PM10, suggesting that this OP measure 

was sensitive to components derived from mechanical abrasion. For these 
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metals removal of the urban background concentrations did not improve the 

correlations observed. In contrast, associations with each of these metals with 

OPΑΑ/μg were only apparent after the subtraction of the background 

concentrations. 

(7) The following metal components did not show enrichment in roadside PM10 

and are therefore treated as being indicative of more dispersed or mixed 

sources:  Sr, Ni and Pb. Both Ni and Pb have been employed as markers of oil 

combustion, especially in association with Ni and V, however the source 

contributing Sr remains unknown. 

(8) Of the metals examined only Mn, Zn, V and Al were significantly associated 

with OPGSH/μg at Marylebone Road 

  The present study has demonstrated a clear increment in roadside PM10 oxidative 

potential that appears to be driven in part by metals associated with either abrasion (engine 

(Fe, Mn, Mo) and brake wear (Cu, Sb)) or oil combustion processes (Ni, V, Cr, local and 

long-range). The two OP metrics employed appear to discriminate between these two 

broad source classifications, with the glutathione dependent measurement appearing the 

more strongly influenced by local sources. It is now accepted that roadside PM does not 

simply reflect tailpipe emissions, but also includes contributions from fugitive sources, 

including the re-suspension of road dust and primary PM emissions from brake, clutch and 

tyre wear (Winiwarter et al., 2009). The relative contribution of these sources to roadside 

PM concentrations is contentious, but a number of reports have estimated non-exhaust 

sources to account for approximately half of the PM concentration observed at the roadside 

(Querol et al., 2004; Lenschow et al, 2001). This is extremely important as emissions from 

these sources are largely ignored at the regulatory level, which focuses on the reduction of 

tail pipe emissions through improvements in engine technology. 

   Importantly many of the metals associated with these processes are also 

established redox catalysts capable of generating reactive oxygen species in vivo (Valko et 

al, 2005). Given the established toxicity of many of these metals there is no reason why 

they should be viewed as being any less toxic than PM10 PAHs, or other characteristics of 

the ambient aerosol. These data therefore highlight a need for a better understanding of 
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interaction of PM associated metals at the air lung interface and on health within the 

exposed population generally.  

  One might also have expected an enrichment of Zn at the roadside location 

reflecting tyre wear, but this was not observed, despite a literature supporting its use as 

tracer for this source (Adachi and Tainosho, 2004;  Councell et al, 2004). While Zn has 

been shown to be the only metal present in significant quantities in ground tyre samples 

(Schauer et al. 2006), it now appears unlikely that the concentrations released under real-

world conditions are sufficient to account for the measured atmospheric levels. Thus one 

must conclude that other unidentified sources contribute significantly to ambient PM10 Zn 

content and that its utility as a tracer of tyre wear is limited (Schauer et al. 2006; Thorpe 

and Harrison, 2008. Within the current study in addition to its lack of enrichment at 

Marylebone Road, Zn was also associated with a factor containing both Ba and Sr, for 

which there is no single unambiguous source. 

  A further compositional signature related to PM10 is itsV, Ni and Cr content.  The 

United Kingdom National Atmospheric Emissions Inventory reports that Ni and V are 

primarily emitted from industrial fuel oil combustion and shipping sources which do not 

have persistent local sources within the Greater London urban area. Interpretation of this 

data is however limited by our focus on PM10, but a study performed in Birmingham 

suggested that these metals were enriched in the accumulation mode and therefore 

reflected long range transported combustion sources (Allen et al, 2001). All of these metals 

have established redox activity (Valko et al, 2005) and are therefore likely to impact on the 

oxidative potential of PM. This appears to fit well with the two patterns of response 

observed for the two OP metrics considered in this study. The glutathione-dependent 

metric appearing sensitive to local source contributions, but relatively insensitive to the 

regional components, whilst the ascorbate dependent metric is the more sensitive to redox 

active components which are widely dispersed such as vanadium.  

 

.  
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Conclusions 
 

In this study we have demonstrated that the oxidative potential of ambient PM10 

collected at a busy London roadside site is enhanced relative to the urban and rural 

background. The precise increment depends on the metric employed, but if one assumes 

that the ascorbate and glutathione OP metrics are additive, based on their differing 

sensitivities to redox active PM components, then on a unit mass basis the roadside 

contribution is approximately 20%, increasing to 60% when the metric is expressed per m3. 

This increment, in a metric designed to predict biological toxicity, is coherent with the 

increasing body of literature demonstrating enhanced health effects in populations with 

high exposures to busy roads. This study has also identified two key sources that appear to 

contribute to the oxidative activity of the particulate airshed; one characterised by limited 

dispersion and with a compositional signature consistent with brake and mechanical wear, 

and the other more dispersed source, possibly reflecting widely dispersed products of oil 

combustion. While components associated with each source: Cu, Fe, Mo and Mn for non-

exhaust vehicular wear and Ni, V and Cr, for oil combustion are known redox catalyst and 

hence likely to be mechanistically related to the oxidative properties of PM10, it must 

always be borne in mind that they may simply be acting as surrogate markers of other pro-

oxidant components of the airshed which have not been measured in the current study. 

These results are important as they highlight the contribution of sources that are currently 

unregulated to the potential toxicity of urban PM. The roadside increments observed are 

not insignificant and the components identified as determinants of this oxidative activity 

have established toxicity in man. 
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Policy Significance 
 

It is an established and inconvenient fact that despite improved engine technologies 

and modelled projections of falling urban PM10, the actual measured concentrations of this 

pollutant have remained fairly static over the last 5 years. Indeed recent data from London 

suggested that primary traffic related emissions of PM10 have actually increased over this 

period. As a significant proportion of roadside PM is derived from fugitive sources, brake 

and tyre wear, re-suspension of road dust, all of which are unregulated, there is merit in 

understanding how these sources contribute to urban PM10, both to the measured 

concentration, but also its biological toxicity. This study has produced robust evidence for 

an increment in the potential toxicity of roadside PM10, using a simple acellular screen, 

designed to mimic PM interactions at the air-lung interface in the human lung. The 

demonstration that brake wear in particular contributes to the oxidative potential of PM10 at 

roadside locations emphasises the need to examine the regulation of this source, both its 

components and emissions as a function of driving activity and vehicle weight. One issue 

that requires further investigation is the source of the urban oil combustion signature (Cr, 

Ni and V). Given its widespread dispersion, consistent with its presence in the 

accumulation mode, we cannot exclude the possibility that it reflects a long range impact 

of shipping emissions from ports located to the East of London.   
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Part III – Daily assessment of PM10 
oxidative potential at a London urban 

background Site 
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Abstract 
  To date assessment of PM oxidative potential has been limited to PM samples 

extracted from filters collected over extended periods, ranging from 7 – 28 days at roadside 

and urban background sites respectively. Whilst PM samples reflecting long term averages 

are useful for examining the spatial variation in these measures, they cannot be integrated 

into classical time series analysis examining short-term health effects in the exposed 

population. There is therefore merit in examining whether the current methodology can be 

scaled to provide a daily time series. To assess the feasibility of this approach two separate 

Partisol-based sampling campaigns were performed at the urban background monitoring 

station at North Kensington during early spring (05/03/08 -31/03/08) and winter (1/11/08 – 

28/11/08) 2008.  Over the two sampling periods the masses obtained on daily filters ranged 

from 150.0 – 511.3 μg which permit assessment of ascorbate and glutathione dependent 

oxidative potential and quantification of PM10 metal content with relatively minor 

modification to the pre-existing methodologies. The results from the two campaigns 

demonstrated considerable temporal variability in both OPAA and OPGSH measurements, 

expressed both per μg of extracted PM, or per m3 at this background location. These 

measures were not correlated and neither was associated with the ambient PM10 mass 

concentration. OPAA/μg was found to be strongly correlated with a panel of redox active 

metals: Cu, Fe, Cr, Mn, Ni and V in the samples obtained during the winter collection. In 

contrast, OPGSH/μg was only associated with Fe during the spring campaign. The OP 

parameters were also examined in relation to co-pollutant concentrations (NO2, NOx, O3, 

PM10 and CO) and particle numbers at this site over the study period. During the spring 

campaign no associations were noted between the OP parameters expressed per m3 with 

co-pollutant concentrations. In contrast, associations were noted between both OPAA and 

OPGSH/m3 parameters with NOx, CO and PM10 during the winter period where 

concentrations in all these parameters were significantly increased above the spring time 

values. These data therefore demonstrate that OP measurements can be obtained on daily 

basis and provide a basis for future integration of this metric into time series studies. 
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Figures 
 

Figure 3.1: The daily time series of ascorbate (left hand panels) and glutathione (right 

hand panels) dependent OPs (expressed both per μg and m3) measured at North 

Kensington between 05/03/08 and 31/03/08.  

 

Figure 3.2: Associations between daily ascorbate and glutathione dependent oxidative 

potentials (per μg) with the ambient PM10 concentrations during the first Partisol sampling 

campaign.  

 

Figure 3.3: Total PM10 oxidative potentials (OPTOT) based on the addition of the OPAA 

(lilac bars) and OPGSH (orange bars) metrics, expressed per μg (left hand panel) and per m3.  

 

Figure 3.4: Time series of daily PM10 (μg/m3) and PM10 aqueous metal concentrations 

(ng/mg) associated with the first Partisol sampling campaign during March 2008. 

 

Figure 3.5: Associations between daily PM10 aqueous Fe and Cu concentrations with 

OPAA/μg and OPGSH/μg.   

 

Figure 3.6: Particle number and co-pollutant concentrations measured as the North 

Kensington monitoring station during the first Partisol sampling campaign, March 2008.  
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Figure 3.7: Daily PM10 ascorbate and glutathione-dependent oxidative activity (per μg and 

per m3) during the winter Partisol sampling campaign at the North Kensington urban 

background site.  

 

Figure 3.8: Relationship between ascorbate and glutathione dependent OP per unit mass 

with ambient daily PM10 mass concentration, based on data obtained during with Winter 

Partisol sampling campaign.  

 

Figure 3.9: Total PM10 OP based on the sum of the ascorbate and glutathione dependent 

signals per unit mass (μg) and per m3, based on data obtained during with Winter Partisol 

sampling campaign.  

 

Figure 3.10: Time series of daily PM10 (μg/m3) and PM10 aqueous metal concentrations 

(ng/mg) associated with the second Partisol sampling campaign during November 2008. 

 

Figure 3.11: Time series of daily PM10 (μg/m3) and PM10 aqueous metal concentrations 

(ng/mg) associated with the second Partisol sampling campaign during November 2008. 

 

Figure 3.12: Particle number and co-pollutant concentrations measured as the North 

Kensington monitoring station during the first Partisol Winter sampling campaign, 

November 2008.  
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Tables 
 

Table 3.1: Correlation matrix illustrating the degree of association (Spearman Rank Order 

correlation) between daily PM10 oxidative potentials (OPAA, OPGSH and OPTOT per μg) and 

aqueous metal concentrations in samples collected during the first Partisol sampling 

campaign, March 2008. 

 

Table 3.2: Correlation matrix illustrating the degree of association (Spearman Rank Order 

correlation) between roadside PM10 oxidative potentials (OPAA, OPGSH and OPTOT per μg 

and m3) with co-pollutant concentrations measured at North Kensington between 05/03/08 

and 31/03/08. 

 

Table 3.3: Correlation matrix illustrating the associations (Spearman Rank Order 

correlation) between daily PM10 oxidative potentials (OPAA, OPGSH  and OPTOT per μg) 

with roadside PM10 aqueous metal content at the North Kensington urban background site 

between 01/11/08 – 28/11/08. 

 

Table 3.4: Correlation matrix illustrating the associations (Spearman Rank Order 

correlation) between daily PM10 oxidative potentials (OPAA, OPGSH and OPTOT per μg and 

m3) with PM10 total metal content at the North Kensington urban background site during 

the November 2008 sampling campaign. 

 

Table 3.5:  Correlation matrix illustrating the degree of association (Spearman Rank Order 

correlation) between roadside PM10 oxidative potentials (OPAA, OPGSH and OPTOT per μg 

and m3) with co-pollutant concentrations measured at North Kensington during the Winter 

sampling campaign, Nov 2008.  

 

 



 

Environmental Research Group     King’s College London  
      

129

 
Aims 

  The principle aim of this study was to investigate the feasibility of determining 

PM10 oxidative potential on a daily basis, including parallel metal analyses (aqueous and 

total), in samples collected using a Partisol sampler located at the North Kensington urban 

background site. Allied to this, as secondary objectives we sought to further clarify the 

sources and compositional determinants of OPAA and OPGSH, as well as to establish the 

relationship between these metrics with co-pollutants concentrations and particle number 

measured at this background location. 
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Background 

  The majority of evidence linking particulate air pollution with poor cardiovascular 

and respiratory health are derived either from long tern exposure cohort studies (Chen et 

al, 2008) or short term time series analysis (Dockery, 2009). Whilst the data presented thus 

far in this report, examining location dependent contrasts in PM oxidative potential, could 

be used to identify locations of contrast for cohort studies, the long averaging periods 

encompassed by PM extracted from filters prevents their application in classical time series 

analyses. To integrate this novel PM metric into these powerful population based analyses 

requires comprehensive time series of daily OP measurements. The feasibility of adopting 

this approach is however limited by the quantity of PM that can be collected over a 24 hour 

period, allied to the difficulty in operating high volume samplers over extended periods in 

the field. In Part III of this report we have performed two pilot studies to examine the 

feasibility of employing daily PM10 samples collected from a Partisol sampler located at 

the North Kensington urban background site. An urban background site was employed to 

reflect a generalised population exposure, with the campaigns performed over the spring 

and winter to provide seasonal contrast. 
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Methods 

 

An R&P Partisol 2025 sampler was employed to collect particulate matter onto 47-

mm Teflon coated filters at a volumetric flow rate of 1 m3 h−1 for 24 h between midnight 

and midnight each day over a 4-week period. The instrument incorporated two filter 

magazines for filter storage pre and post-exposure, which allowed unattended operation for 

the duration of the sampling campaign. The filters were pre-weighed and re-weighed at a 

central laboratory after conditioning at 20°C and 50% relative humidity as specified for the 

European reference method for PM10 (CEN, 1998).  

  The details of the filter extractions, resuspension (at 150 and 55.56 μg/mL), 

incubations in the synthetic RTLF (at a final concentration of 50 μg/mL) and the 

quantification of ascorbate and glutathione were as outlined in the previous two sections of 

this report, with two minor amendments. First, the total volumes employed during the 

incubation were reduced by halve where insufficient volume of stock PM suspension was 

available. In addition, while aqueous metal concentrations were determined in filtrates 

obtained from the 150 μg/mL PM suspensions, acid extractions were only possible using 

the 55.56 μg/mL stocks obtained during the winter sampling campaign.  
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Results 
  Daily Partisol PM10 filters were collected across 27 days (5-31 March 2008) for the 

first sampling campaign at North Kensington, with the collected masses ranging from 

160.8 – 511.3 μg. The ascorbate and glutathione dependent OPs associated with the 

sampled PM over the collection period are illustrated in Figure 3.1, expressed per μg of 

PM10 (lower panels) and per m3 of sampled air (upper panel). Overall there was no 

statistical association between the two OP metrics (Table 3.1), with neither displaying a 

simplistic relationship with the measured ambient PM10 concentration, Figure 3.2. 

OPAA/μg was in fact inversely associated with the measured mass concentration: r=-0.51, 

P=0.007. 

 
 
Figure 3.1: The daily time series of ascorbate (left hand panels) and glutathione (right 
hand panels) dependent OPs (expressed both per μg and m3) measured at North 
Kensington between 05/03/08 and 31/03/08. Data are expressed as the mean values derived 
from triplicate incubations ± 2SD. 
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Figure 3.2: Associations between daily ascorbate and glutathione dependent oxidative 
potentials (per μg) with the ambient PM10 concentrations during the first Partisol sampling 
campaign. Results of the Spearman Rank Order correlation between these endpoints are 
illustrated. 
 

On the basis of the lack of a statistical association between the two OP metrics, 

consistent with the observations made in this report, we derived a measure for the total OP 

by summing the ascorbate and glutathione dependent measures (Figure 3.3). The 

individual and composite OPs were subsequently related to the concentration of aqueous 

metals (Cu, Zn, Fe, Mn, Cr, Mo, Ni, Ba and V), illustrated in Figure 3.4. Of the metals 

examined Mn, V, Cr, Cu, Mo, Zn and Fe were all positively correlated with OPAA/μg, 

Table 3.1, with a particularly strong association with Cu (r=0.83). 

 

Figure 3.3: Total PM10 oxidative potentials (OPTOT) based on the addition of the OPAA 
(lilac bars) and OPGSH (orange bars) metrics, expressed per μg (left hand panel) and per m3. 
Individual mean OPs for each day are stacked with the total height reflecting OPTOT. 
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Figure 3.4: Time series of daily PM10 (μg/m3) and PM10 aqueous metal concentrations 
(ng/mg) associated with the first Partisol sampling campaign during March 2008. 
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Table 3.1: Correlation matrix illustrating the degree of association (Spearman Rank Order 
correlation) between daily PM10 oxidative potentials (OPAA, OPGSH and OPTOT per μg) 
and aqueous metal concentrations in samples collected during the first Partisol sampling 
campaign, March 2008. All significant associations are highlighted in red text, with the 
portion of the matrix addressing OP versus metal association’s shaded grey. The 
associations between individual aqueous metal components, expressed per unit mass are 
illustrated in the non-grey shaded area with significant associations with a Spearman rho of 
>0.70 shaded light blue, >0.50 light green and <0.50 lilac.  

 
P<0.05 *; P<0.01** 
 
 

In contrast the daily OPGSH/μg measurements were only weakly associated with 

PM10 Fe concentrations. OPTOT/μg displayed a weaker association with Cu than the 

ascorbate dependent metric, but a stronger association with Fe, Figure 3.5. Co-pollutant 

concentrations and particle numbers expressed as 24 hour averages (Figure 3.6) were also 

correlated against the various OP metrics, both on a per mass and per volume basis, table 

3.2. Of these pollutants full time series were available with the exception of particle 

number due to an equipment failure between the 18th – 31st of March.  
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Figure 3.5: Associations between daily PM10 aqueous Fe and Cu concentrations with 
OPAA/μg and OPGSH/μg. Results of the Spearman Rank Order correlation for each of the 
comparisons are illustrated. 
 
 

 
 
Figure 3.6: Particle number and co-pollutant concentrations measured as the North 
Kensington monitoring station during the first Partisol sampling campaign, March 2008.  
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Table 3.2: Correlation matrix illustrating the degree of association (Spearman Rank Order 
correlation) between roadside PM10 oxidative potentials (OPAA, OPGSH and OPTOT per μg 
and m3) with co-pollutant concentrations measured at North Kensington between 05/03/08 
and 31/03/08. The upper right hand portion of the matrix illustrates the associations 
between OPAA, OPGSH and OPTOT expressed per μg with the co-pollutant concentrations 
measured over the equivalent periods, whilst the lower left hand portion of the matrix 
illustrates the correlations when the OP parameters are expressed per m3. Formatting of the 
matrix is as outlined in the legend to Table 3.1. 
 

 
P<0.05 *; P<0.01**; particles = particle number (p/cm3) 
 
OPΑΑ/μg was positively associated with particle number, NOx, NO2 and CO, table 3.2, 

indicative of a traffic source influencing the OP at this background In contrast no 

associations with the co-pollutants and OPGSH/μg of OPTOT/μg. No significant correlations 

were observed with any of the OP metrics once the measures were expressed per m3. 

 

The winter time series of OP measurements is illustrated in Figure 3.7, with a data 

gap between the 22-23rd of Nov due to an equipment failure. Across the remaining 26 days 

the individual filters contained between 149.5 and 499.8 μg of PM10. Again, as in the 
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spring data set considerable temporal variability was noted across the sampling period, 

with generally higher activities observed in the winter PM10 sample sets. A peak in the 

OPAA/m3 metric was also observed during the first week of sampling, reflecting a peak in 

ambient PM10 concentrations at this time. A similar peak was not observed in the 

glutathione dependent OPs, again emphasising that these two measures are not equivalent. 

As with the spring campaign little association was noted between either of the OP metrics 

and the ambient PM10 concentration, beyond weak positive correlation with OPAA/μg 

(r=0.43, P=0.03), Figure 3.8. OPTOT measurements were also derived by summing the 

individual OP metrics and are illustrated in Figure 3.9.  

 

 

 
 
 
Figure 3.7: Daily PM10 ascorbate and glutathione-dependent oxidative activity (per μg and 
per m3) during the winter Partisol sampling campaign at the North Kensington urban 
background site. Data represent the mean and SD of triplicate PM incubations in the 
synthetic RTLF. 
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Figure 3.8: Relationship between ascorbate and glutathione dependent OP per unit mass 
with ambient daily PM10 mass concentration, based on data obtained during with Winter 
Partisol sampling campaign.  
 
 

 
 
 
Figure 3.9: Total PM10 OP based on the sum of the ascorbate and glutathione dependent 
signals per unit mass (μg) and per m3, based on data obtained during with Winter Partisol 
sampling campaign.  
 
 
 
 
 



 

Environmental Research Group     King’s College London  
      

140

 
 
Figure 3.10: Time series of daily PM10 (μg/m3) and PM10 aqueous metal concentrations 
(ng/mg) associated with the second Partisol sampling campaign during November 2008. 
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Table 3.3: Correlation matrix illustrating the associations (Spearman Rank Order 
correlation) between daily PM10 oxidative potentials (OPAA, OPGSH  and OPTOT per μg) 
with roadside PM10 aqueous metal content at the North Kensington urban background site 
between 01/11/08 – 28/11/08. Formatting of the matrix is as outlined in the legend to Table 
2.1. 
 

 
P<0.05 *; P<0.01** 
 

Similar to the situation with the OP metrics measured during the winter sampling 

campaign, significant associations were noted between OPAA/μg with a range of aqueous 

redox active (MN, V, Cr, Cu, Ni and Fe) and redox inactive metals (Zn), reflective of 

mechanical abrasion processes, Table 3.3. These associations were absent for the 

OPGSH/μg metric, but persisted in the summed OP expression. In addition, due to the 

generally greater masses of PM collected during the winter campaign it was also possible 

to obtained measures of total acid extracted metals, illustrated in Figure 3.11. Based on 

their temporal profiles, similar to the approach adopted in Part II of this report, the metals 

were grouped into 4 classes: A (Zn, Cu, Mn and Ba), B (Ni and Cr), C (V and Fe) and D 

(Mo). These groupings differed markedly from those associated with the roadside site 
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described in Part II, with only the Ni, Cr, grouping being consistent with the oil 

combustion signature previously reported. Group A appeared to reflect mechanical wear, 

but in contrast to our earlier observations did not include Fe or Mo. Sb was not detected in 

these samples, suggesting a sensitivity issue with  the PM concentration employed in these 

digestions (50 μg/mL). Consequently the total metal measurements should be interpreted 

with some caution, though generally they were in line with the concentrations noted from 

the TEOM filter extracted PM obtained from this site and reported in part II of this report, 

with only Zn showing an approximate 5-fold increase in concentration. 

 
 

 
 
Figure 3.11: Time series of daily PM10 (μg/m3) and PM10 aqueous metal concentrations 
(ng/mg) associated with the second Partisol sampling campaign during November 2008. 
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Table 3.4: Correlation matrix illustrating the associations (Spearman Rank Order 
correlation) between daily PM10 oxidative potentials (OPAA, OPGSH and OPTOT per μg and 
m3) with PM10 total metal content at the North Kensington urban background site, 
November 2008. The upper right hand portion of the matrix illustrates the associations 
between metal content and OP for the data expressed per unit mass of PM10, whilst the 
lower left hand portion shows the associations for the data expressed per m3. All 
significant associations are highlighted in red text, with the portion of the matrix 
addressing OP versus metal associations shaded grey. The associations between metal 
components, per unit mass and per m3 are illustrated in the non-grey shaded area with 
significant associations with a Spearman rho of >0.70 shaded light blue, >0.50 light green 
and <0.50 lilac. 

P<0.05 *; P<0.01** 
 

In contrast to the aqueous metal concentrations, we observed relatively few 

significant associations between total metals (μg/mg) with the OP metrics expressed on a 

per unit mass basis, Table 3.4, with on Zn and Ba being significantly associated with OPAA 

and OPGSH/μg respectively. Once these data were expressed on a per m3 basis then a much 

more comprehensive series of interactions were noted, with OPAA/m3 showing positive 

associations with all of the measured metals, and OPGSH/m3, a slightly restricted set, 

excluding Mn, Cr, Ni and Zn.  
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The OP metric measured at North Kensington during the winter campaign were also 

related to the co-pollutant concentration and particle number measured at this site, figure 

3.12. These associations are illustrated in table 3.5, based on a comparison of the OP 

metrics per μg (upper right portion of the matrix) and per m3 (lower left hand corner). 

 

 

Figure 3.12: Particle number and co-pollutant concentrations measured as the North 
Kensington monitoring station during the first Partisol Winter sampling campaign, 
November 2008.  
 

The ascorbate dependent OP metric was only associated with CO when the data were 

examined on a per mass basis, but a more comprehensive series of associations were noted 

when the data were compared per m3; with classical traffic tracers: NO2, NOx, and CO. 

OPGSH/mg was not associated with any of the co-pollutants, but as with the ascorbate 

dependant metric demonstrated significant associations with NO2, NOx, and CO when 

expressed per m3.   
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Table 3.5: Correlation matrix illustrating the degree of association (Spearman Rank Order 
correlation) between roadside PM10 oxidative potentials (OPAA, OPGSH and OPTOT per μg 
and m3) with co-pollutant concentrations measured at North Kensington during the Winter 
sampling campaign, Nov 2008. The upper right hand portion of the matrix illustrates the 
associations between OPAA, OPGSH and OPTOT expressed per μg with the co-pollutant 
concentrations measured over the equivalent periods, whilst the lower left hand portion of 
the matrix illustrates the correlations when the OP parameters are expressed per m3. 
Formatting of the matrix is as outlined in the legend to Table 3.1. 

P<0.05 *; P<0.01** 
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Discussion 
 

The present pilot study demonstrated the feasibility of obtaining a daily time series 

of PM10 OP measurements at an urban background monitoring station in London. This 

paves the way for the construction of more detailed time series of these metrics that can be 

employed in population based studies. Metal measurements were also obtained, aqueous 

and total, and those detected were broadly consistent with the concentrations obtained from 

the TEOM filters collected at the North Kensington site.  Several of the metals determined 

in Part II of this report were however not quantifiable, highlighting some limitations of 

using daily samples for these analyses. 

 

Whilst these two campaigns were ostensibly pilot studies, several interesting 

observations have arisen. First, these data clearly highlight a high degree of temporal 

variability in these measures, expressed on a per unit mass basis. This observation implies 

that the composition of PM at this background site, especially of redox active components 

varies markedly with time, with some evidence of a mixed vehicle abrasion/resuspension 

(Zn, Cu, Mn and Ba) signature (Viana M et al., 2008; Thorpe and Harrison, 2008). Thus 

one would conclude that on certain days this urban background site is influenced by traffic 

sources. This possibility could be explored by examining the relationship between these 

measures and wind direction in relation to local sources, which has not been conducted at 

this time. The presence of these abrasion markers at a background site also suggests a more 

extensive dispersion away from the roadside than was implied by the results in Part II, 

where markers characteristic of vehicular abrasion processes were associated with the 

glutathione dependent OP metric. Here the same markers appeared more strongly 

associated with OPAA/μg, especially when the aqueous fraction was examined. The reason 

for this discrepancy requires a more detailed understanding of the composition and 

speciation of size fractionated PM at these various sites. In addition to the abrasion 

signature, we also observed a high correlation between aqueous Ni and V at this site, 

which we have formerly attributed to oil combustion, with significant correlations to the 

OPAA/μg metric. This observation is consistent with the findings of part II and one might 

therefore speculate that some of the apparent associations between abrasion metals and OP 

at this urban background may reflect underlying associations between these metals.  
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Conclusion  
 

The present study has demonstrated the feasibility of producing daily measurements 

of PM10 OP, as well as metal concentrations in Partisol PM10 extracts. This capacity 

therefore provides a basis for producing more detailed time series of these metrics for 

integration into short term health effect studies. There are however significant caveats and 

limitations: First, while its traditional to employ urban background site data for this type of 

analysis, our findings suggest that these sites may be influenced by contributions from the 

roadside, depending on meteorology, and thus not all background sites are likely to be 

equivalent. The extent of variation in this measure across the London background therefore 

needs to be better understood if we are to derive measures that are truly reflective of the 

overall population exposure. Second, there is also an apparent mismatch between the 

pattern of predictive metals for the ascorbate and glutathione OP metrics between the 

TEOM PM10 extracts, covering long sampling periods, and the daily samples. To fully 

understand this discrepancy more information will be required examining daily variations 

in the composition and OP of size fractionate PM from roadside and background sites. 

Third, whilst daily OP can be obtained, logistically the effort and cost of this exercise will 

be considerable. The current methods for measuring OP are by no means high-though put 

and any such method development will need to be validated against the current gold 

standard methodologies.  
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Policy Significance 
 

Previous studies by our group have utilised PM2.5 and PM10 samples extracted from 

TEOM filters to assess particulate oxidative activity. The data thus generated have 

reflected period averages covering between 7-14 days at roadside sites and up to 4 weeks 

at urban background locations. Whilst these samples have proven useful in establishing 

location dependent contrasts in PM oxidative potential, the temporal resolution is 

insufficient for utilisation of this metric in conventional time series analyses to assess its 

relevance to cardio-respiratory health in the urban population. This limitation is 

particularly marked at background sites which have traditionally been employed in time 

series analyses to reflect the generalised population exposures to ambient pollutants. The 

work outlined in this section of the report examined the feasibility of performing OP 

measurements on daily PM10 samples collected using a Partisol located at the North 

Kensington urban background site, during two separate four week sampling campaigns in 

March and November 2008. The demonstration that both OPAA and OPGSH metrics, as well 

as total and aqueous metal concentrations can be obtained from daily filters containing as 

little as 100 - 150 μg PM10 represents a considerable milestone in the potential application 

of this metric to future health studies. 
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