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Abstract. The capacity of airborne particulate matter to generate reactive oxygen species (ROS) has been 8 

correlated with the generation of oxidative stress both in-vitro and in-vivo. The cellular damage from 9 

oxidative stress, and by implication with ROS, is associated with several common diseases such as asthma, 10 

chronic obstructive pulmonary disease (COPD), and some neurological diseases.  Yet currently available 11 

chemical and in-vitro assays to determine the oxidative capacity of ambient particles require large samples, 12 

analysis are typically done offline, and the results are not immediate. 13 

In this manuscript we report the development of an on-line monitor of the oxidative capacity of aerosols 14 

(o-MOCA) to provide on-line, time-resolved assessment of the capacity of airborne particles to generate 15 

ROS. Our approach combines the Liquid Spot Sampler (LSS), which collects particles directly into small 16 

volumes of liquid, and a chemical module optimized for on-line measurement of the oxidative capacity of 17 

aerosol using the dithiothreitol (DTT) assay. The LSS uses a three-stage, laminar-flow water condensation 18 

approach to enable the collection of particles as small as 5 nm into liquid, without subjecting the sample to 19 

temperature extremes. The DTT assay has been improved to allow the on-line, time-resolved analysis of 20 

samples collected with the LSS. The o-MOCA was optimized and its performance evaluated using the 9,10-21 

Phenanthraquinone (PQ) as standard redox-active compound. 22 

Laboratory testing shows minimum interferences or carry-over between consecutive samples, low blanks, 23 

and a reproducible, linear response between the DTT consumption rate (nmol/min) and PQ concentration 24 

(µM). The calculated limit of detection for o-MOCA was 0.15 nmol/min. The system was validated with a 25 

Diesel Exhaust Particle (DEP) extract, previously characterized and used for the development, improvement, 26 

and validation of the standard DTT analysis. The DTT consumption rates (nmol/min) obtained with the o-27 

MOCA were within experimental uncertainties of those previously reported for these DEP samples. In 28 

ambient air testing, the fully automated o-MOCA was run unattended for 3 days with 3-h time resolution, 29 

and showed a diurnal and daily variability in the measured consumption rates (nmol/min/m3). 30 

 31 
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 34 

1. INTRODUCTION 35 

Although there is ample evidence linking exposure to particulate air pollution to adverse health effects, 36 

the mechanisms that lead to those effects are not understood. A leading hypothesis is that inhaled ambient 37 

particulate matter generates reactive oxygen species (ROS), which in turn create cellular damage and induce 38 

oxidative stress (Fitzpatrick et al., 2014;Kelly, 2003;Birben et al., 2012;Xia et al., 2006). Oxidative stress is 39 

associated with many well-known, widely-spread diseases such as Alzheimer’s, atherosclerosis, diabetes, 40 

and myocardial infarction (Andersen et al., 2010;Block and Calderon-Garciduenas, 2009;Calderon-41 

Garciduenas et al., 2008;Maritim et al., 2003;Singh and Jialal, 2006;Uttara et al., 2009). The oxidative 42 

potential of airborne particles is attributed not only to their chemical composition (organics, trace 43 

metals)(Eiguren-Fernandez et al., 2010;Ercal et al., 2001;Jomova and Valko, 2011;Chien et al., 2009;Hawley 44 

et al., 2014) but also to their physical characteristics (particle size, shape, etc.) (Bünger et al., 2000;Chien et 45 

al., 2009;de Haar et al., 2006;Wessels et al., 2010). Trace metals, such as copper and iron can generate ROS 46 

via Fenton chemistry, while organics, including polycyclic aromatic hydrocarbons (PAHs) and quinones, 47 

generate ROS via metabolic transformations (Chung et al., 2006;Kumagai et al., 2012;Ercal et al., 48 

2001;Valko et al., 2005).   49 

 50 

To quantify the oxidative potential of airborne particulate matter, both in-vivo and in-vitro studies have 51 

been conducted. These studies have found correlations between the oxidative potential of airborne particles 52 

and the production of biological markers of ROS formation and oxidative stress (Bardet et al., 2014;Hawley 53 

et al., 2014;Li et al., 2004;Swanson et al., 2009;Acworth et al., 1999;Kim et al., 2001;Maier et al., 54 

2008;Oberdorster, 2000). Yet the extent of these measurements is limited. Recently, efforts have been made 55 

to reduce and replace the use of animal models through cellular and chemical assays. Chemical assays are 56 

more rapid, less costly, and offer a simpler means to screen airborne particulate matter toxicity. Among these 57 

methods the dithiothreitol (DTT) assay (Cho et al., 2005a) developed to measure the oxidative capacity of 58 

airborne particles, has become widely adopted (Steenhof et al., 2011;Janssen et al., 2014;Charrier et al., 59 

2015;Godri et al., 2011). The DTT assay is based on the ability of redox-active compounds associated with 60 

particulate matter to catalyze the reduction by DTT of oxygen to superoxide. Currently the DTT assay is 61 

done off-line; particles collected on filters are incubated with DTT over several periods between 10 and 45 62 

minutes, and after each time point, the reaction between the DTT and the redox active components is 63 

quenched by the addition of 5,5'-dithiobis-2-nitrobenzoic acid (DTNB), forming a chromophore, which 64 

absorbance is measured at 412nm to determine the rate of DTT consumption over time. The total oxidative 65 

capacity of the particulate matter is expressed as the rate of DTT consumed per unit particle mass (nmol 66 
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DTT/min/µg) or per sampled air volume (nmol DTT/min/m3). Additionally, this assay has the ability to 67 

distinguish between the contribution of metals and of organics to the overall oxidative capacity. The 68 

acceptance of this assay is based on several studies that showed a high correlation between the DTT assay 69 

and more specific biological markers of oxidative stress such as Heme-oxygenase 1 (HO-1) and inflammatory 70 

markers such as interleukin-6 and interleukin-8 (Li et al., 2003;Steenhof et al., 2011;Jiang et al., 2016). 71 

Although simpler than the in vivo and in vitro methods, the off-line DTT assay requires many steps, and is 72 

still too time-consuming to be widely applied. In addition, the accuracy of the measurement is limited by the 73 

integrity of the collected sample, as long collection periods (24-48 h) and the filter extraction processes that 74 

follow may alter the chemical and toxicological properties of the particles. 75 

 76 

Several on-line systems to monitor the oxidant capacity of airborne particles have been reported 77 

previously (Wang et al., 2011;King and Weber, 2013;Sameenoi et al., 2012;Venkatachari and Hopke, 2008). 78 

Most of these systems use the 2,7-Dichlorodihydrofluorescein diacetate (DCFH) and horseradish peroxidase 79 

assay which is not specific for ROS but instead reports activity related also to the formation of reactive 80 

nitrogen species. The most advanced on-line instruments (Sameenoi et al., 2012;Venkatachari and Hopke, 81 

2008) use the Particle-into-Liquid sampler for particle collection prior to DFCH or DTT assay. This sampler 82 

uses steam injection to condensationally enlarge the particles, and captures only the water soluble 83 

components associated with the collected particles. While it is not known whether the artifacts associated 84 

with steam injection are significant, the restriction to soluble components is a distinct limitation. Several 85 

studies have shown that the non-water soluble components are important contributors to the oxidative 86 

capacity of airborne particles (Shinyashiki et al., 2009;Verma et al., 2012;Wang et al., 2013). Indeed, 87 

Shinyashiki et al.(Shinyashiki et al., 2009) showed that 45 % of the ROS activity measured was due to the 88 

non-water soluble particles. Thus, it is imperative to collect both insoluble and soluble particle constituents 89 

to accurately assess particulate matter oxidative potential. 90 

 91 

In this manuscript we present a new approach to provide on-line measurements of the oxidative capacity 92 

of airborne particles. Our technology combines the Liquid Spot Sampler with an online new chemical module 93 

enabling in-situ, time-resolved characterization of the ability of aerosols to generate ROS. The on-line 94 

Monitor of the Oxidative Capacity of Aerosols (o-MOCA) will provide a more complete data set for better 95 

understanding the properties of ambient particles that may lead to disease or dysfunction by generating 96 

oxidative stress. 97 

 98 

 99 
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2. MATERIALS AND METHODS 100 

 101 

2.1. Liquid Spot Sampler 102 

The Liquid Spot Sampler (LSS) is the front end of the system – it deposits both soluble and insoluble 103 

components of airborne particulate matter into a small volume of liquid. The LSS uses the three-stage water 104 

condensational growth technology (Eiguren Fernandez et al., 2014;Hering et al., 2014;Lewis and Hering, 105 

2013) to enlarge sub-micrometer particles to form micrometer-sized droplets that are  subsequently deposited 106 

into a water-filled vial. The three-stage approach provides a very gentle water condensation process. The 107 

supersaturation required for condensational growth is created in a laminar flow through a wet-walled tube, 108 

the first portion of which is cooled to ~5 oC, the second portion is warmed to ~37 oC, and the final portion is 109 

again cooled to ~12 oC. As shown by Lewis and Hering (2013), this approach activates the condensational 110 

growth of sub-10 nm particles. In contrast to steam injection condensation methods cited above, the 111 

temperature of the majority of the flow remains below 30 °C.  Further, at the exit of the condensation region 112 

the water vapor content of the droplet laden flow is below saturation at ambient temperature, enabling direct 113 

collection into liquid without excessive water condensation from the vapor. The Liquid Spot Sampler directs 114 

the condensationally enlarged particles through 3, 1.1-mm jets to impact gently the droplets directly onto the 115 

surface of water (200 to 500 µL) contained in a small vial. The sample flow rate can vary from 1.5 to 4.0 116 

L/min. Uniquely, our approach provides particle growth and collection at moderated temperatures, reducing 117 

artifacts and maintaining sample integrity.  118 

 119 

The collection efficiency of the LSS was evaluated in our laboratory (Berkeley, CA) using laboratory 120 

generated aerosols containing sulfate and nitrate. Particle collection efficiency was inferred through 121 

measurement of particle penetration through the sampler after delivery into the liquid.  For submicrometer 122 

particle sizes, the aerosol was generated through atomization, mixing 10:1 with dry air, charge neutralized 123 

using the TSI soft X-Ray source and size selected using a high-flow differential mobility analyzer (HF-DMA, 124 

(Stolzenburg et al., 1998)). The DMA was operated with single-pass, 15 L/min sheath flow comprised of 125 

filtered laboratory air (with relative humidity of 30 % – 40 %).  Particle concentrations at the inlet to the 126 

sampler and in the exiting flow were monitored using a pair of water-based condensation particle counters 127 

(TSI Model 3783 upstream, and 3787 downstream). These tests were done as a function of particle size (10 128 

to 200 nm) and sampling flow rates (1.5 to 3.5 L/min) 129 

 130 

 131 

 132 
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2.2. Chemical module 133 

The DTT assay is conducted in the chemical module after sample collection. The main components of 134 

the module are: 2 precision syringe pumps (Cavro XLP6000, Tecan), a 6-port analytical injection valve (EV-135 

750, Alltech), a homemade heating/shaking system consisting of a aluminum block, a thermoelectric device, 136 

and a shaker (VWR), which contains the reaction vial where the DTT (Sigma Aldrich) and the sample mix 137 

and react, a “mixing Tee” (Upchurch) where the DTT-sample containing solution and DTNB (Sigma-138 

Aldrich) join and are mixed, and a Diode the Array Detector (DAD, Agilent 1100). PEEK and Teflon were 139 

selected as the materials for all liquid handling tubing in order to reduce unwanted chemical reactions.  140 

The flow diagram of the o-MOCA is shown in Figure 1. As soon as the predetermined sample collection 141 

time ends, the whole sample volume is transferred to the reaction vial using syringe pump 2. Once the sample 142 

is transferred, the collection vial and lines are rinsed with Chelex treated water, and 500 µL are added to the 143 

vial to initiate a new collection. After these steps, pump 2 starts the continuous delivery of the solution 144 

containing DTNB in Chelex water (2 µmol) to the detector. Few minutes later, once the system is 145 

equilibrated, 500 µL of DTT solution (100 nmol) in phosphate buffer (0.1 M, pH 7.4) are added to the reaction 146 

vial via syringe pump 1. The solution containing the sample and DTT is incubated at 37 °C with gentle 147 

shaking. At the designated times of 1, 3, 5, 7.5, 10, 12.5 and 15 minutes into the reaction, syringe pump 1 148 

extracts 75 L of solution from the reaction vial, and through a 150 µL loop delivers it via the injection valve 149 

to the mixing tee, where it combines with the DTNB flow prior to reaching the detector, forming 5-mercapto-150 

2-nitrobenzoic acid that is measured by absorbance at 412 nm. The reaction between the DTT in solution and 151 

the DTNB is fast and since delivery to the detector is quick there is no need for adding stabilizing agents 152 

such as trichloroacetic acid or Tris Buffer (Charrier and Anastasio, 2012;Charrier et al., 2015;Cho et al., 153 

2005a). Removing these extra processing steps, which dilute the sample, results in a more concentrated 154 

solution and increased sensitivity. Once the analysis is finished, and prior to delivering the next sample, the 155 

reaction vial is rinsed twice with 18 M distilled, de-ionized water (DDW). All solution deliveries and 156 

rinsing steps are controlled via computer (Labview, National Instruments). A separate analysis routine (Igor, 157 

Wavemetrics) is used to post-process the DAD signal data to identify and measure maximum absorbance 158 

corresponding to each aliquot injection. 159 

 160 

2.3. System Optimization and Validation  161 

System optimization was done using the 9,10-phenanthraquinone (PQ) a very active redox compound 162 

commonly used for evaluating the DTT assay. Its redox active behavior has been well characterized, and 163 

several studies have shown a linear relation (first-order reaction) between the rate of DTT loss and the PQ 164 

concentration in solution (Charrier and Anastasio, 2012;Fang et al., 2014). The carry-over and cross 165 
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contamination between injections was examined by running consecutive samples containing different 166 

amounts of the PQ standard. To evaluate if higher activity samples had an effect over subsequent samples of 167 

lower activity we measured the DTT loss rate of blanks followed by high PQ concentrations (0.25 µM) 168 

followed by low PQ concentrations (0.05 µM).  169 

An important parameter to consider while developing the online system to measure time-resolved 170 

oxidative capacity of airborne particles is the sensitivity of the assay. A previous study conducted by 171 

Sameenoi et al.(Sameenoi et al., 2012) showed that increasing the initial DTT added to solution resulted in a 172 

reduction of the sensitivity of the assay. Although their method of analysis was different to ours, we 173 

considered this parameter when optimizing our on-line assay. The effect of the initial amount of DTT in 174 

solution on the observed consumption rate was evaluated through systematic increases in the mass of DTT 175 

added to the reaction vial (50 nmol, 100 nmol and 140 nmol) at a fixed PQ concentration (0.25 µM).  176 

Our long-term goal is to develop a field deployable o-MOCA that can run unattended for extended periods 177 

of time. However, as the DTT is a chemical assay, and both the DTT and the DTNB are known to undergo 178 

degradation when exposed to light and high temperatures, optima conditions to maintain the integrity of these 179 

solutions for long sampling periods were determined. Photodecomposition was eliminated by keeping the 180 

reagent containing reservoirs in the dark (wrapped in aluminum foil). The effect of ambient temperature on 181 

the stability of the reagent was evaluated in 2 different ways: i) by measuring the consumption rate of a blank 182 

solution for consecutive runs over a 7-hour period, and ii) by measuring and comparing daily the absorbance 183 

of the DTT-DTNB mixture at t=0 for solutions kept in the refrigerator (4 oC).  184 

Once the chemical module was optimized the system was run continuously for several hours to measure 185 

the DTT consumption rate for different concentrations of PQ and determine if a linear response with PQ 186 

concentration was obtained.  187 

 188 

Validation of the on-line method was conducted using a diesel exhaust particle extract (DEP) (courtesy 189 

of Dr. Arthur Cho and Debra Schmitz, University of California Los Angeles). This DEP was used to develop 190 

the original DTT assay and later as control for the improved method (Cho et al., 2005a). It has been used as 191 

a positive control when measuring the activity of ambient particulate matter in all the studies conducted by 192 

Dr. Cho’s group. It is also used by Dr. Ning Li (Michigan State University) as positive control for in-vitro 193 

assays when measuring biomarkers of oxidative stress.  194 

 195 

2.4. On-line measurement of the oxidative capacity of ambient aerosols 196 

The fully automated o-MOCA was tested for continuous, on-line measurement of ambient aerosols in our 197 

laboratory (ADI, Berkeley, CA). Our prototype o-MOCA ran unattended over a 3-day period and ambient 198 
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particulate matter samples were collected for 3 hours. The oxidative capacity of the sample was measured at 199 

the end of the 3-hr collection period. While the DTT assay was conducted a new sample was collected. The 200 

particle oxidative capacity of the ambient particles is reported as the rate of DTT consumption per unit m3 of 201 

air collected (nmol DTT/min/m3).  202 

 203 

3. RESULTS  204 

 205 

3.1. Collection Efficiency of the Liquid Spot Sampler 206 

The collection efficiency with particle size and sampling flows are shown in Figure 2.  For all particle 207 

sizes and flows, collection efficiencies >90 % were obtained. Higher collection efficiencies (>97 %) were 208 

observed for sampling flow rates varying between 1.5 and 2.5 L/min; the efficiency decreased slightly as the 209 

sampling flow rate increased to 3.0 L/min (95 %) and 3.5 L/min (93 %). A sampling flow rate of 3.0 L/min 210 

was selected to run the Liquid Spot Sampler as to maximize the air sample volume collected without 211 

compromising the high collection efficiency over a wide range of particle sizes. 212 

During these experiments, the volume of the collecting liquid was adjusted according to the sampling 213 

flow. For lower flow rates, smaller volumes could be used (down to 200 µL) without observing changes in 214 

the collection efficiency. For the higher flow rates, the minimum collection volume was increased to 500 µL. 215 

If a smaller volume was used the incoming jets were unstable disrupting the liquid surface and depositing the 216 

particles onto the dry surface of the bottom of the collection vial. In this case, although the collection 217 

efficiency was not greatly affected, resuspension of the deposited particles was required. Gentle agitation 218 

was enough to remove particles from the surface and into the liquid. For the 3 L/min sampling flow rate used 219 

with the o-MOCA, 500 µL was selected as the volume for optimum liquid collection. 220 

 221 

3.2. System Optimization and Validation  222 

 223 

3.2.1. Equivalence of DAD to Benchtop UV-VIS detector 224 

In our online system we use a continuous-flow DAD instead of a batch fixed wavelength UV-VIS 225 

detector. Our first step was to evaluate the equivalence between the readings of the bench top UV-VIS 226 

detector (Spectronic 20D, Milton-Roy) and the online method with the DAD detector for the same sample. 227 

We ran the standard off-line DTT assay (Cho et al., 2005a) using PQ as our standard compound, and the 228 

absorbance of the same solution after 0, 5, 10 and 20 min reaction was measured with both detectors. Good 229 

linear relation was observed between the detectors (r2=0.99). As the analogue output signal of the DAD is 230 

not recorded as the AU but as volts, the absorbance signal measured directly by the DAD and the output 231 
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voltage recorded by the system were also compared. Although the range of the processed voltage output was 232 

lower than the signal displayed (AU), the correlation between both measurements was good indicating that 233 

the analog output can be used to accurately determine the absorbance of the solution.  234 

 235 

3.2.2. Injection integrity, cross-contamination and carry over 236 

 As in any other on-line system, the potential for carry-over from injection to injection, and sample to 237 

sample is of concern. Although the internal volume of the lines has been minimized, the dead volume of the 238 

syringe pumps could lead to cross-contamination. To eliminate interferences and cross contamination 239 

between consecutive injections, we added a 150 L loop and a 6-port injector valve between the reaction vial 240 

and syringe pump. The loop line, filled with water, prevents the reaction solution from reaching the syringe 241 

pump eliminating undesired mixing. We also added a step to rinse the delivery lines between injections by 242 

injecting 75 L water following the 75 µL of reaction solution using pump 1. The resulting peaks after 243 

implementation of the loop and rinsing step for a blank and PQ solutions are shown in Figure 3. No 244 

interferences were observed for the sample peak height suggesting that the rinsing step with water injection 245 

reduces cross contamination without interfering with the sample signal. 246 

 247 

After this improvement we tested the new configuration for possible carry over using different standard 248 

amounts. The DTT consumption rate (nmol/min) obtained for each sample is shown on Table 1.  249 

 250 

The difference obtained for the duplicates suggests that, although small (<10 %), there may be some carry 251 

over effect when considerable changes in concentration (e.g. a factor of 5 as in this test) occur between 252 

consecutive samples. This small effect could be further reduced with design improvements. 253 

 254 

3.2.3. Optimization of the initial DTT mass in solution 255 

Figure 4 shows the average consumption rates (+ STDEV) for each initial DTT concentration. Results 256 

showed that at low initial amounts of DTT in the reaction solution the consumption rate was slightly lower 257 

than expected, with higher variability in the calculated rate. For initial concentrations of 100 and 140 nmol, 258 

the consumption rate was very similar, with lower variability for consecutive samples. Based on these results, 259 

initial amounts of at least 100 nmol should be used. A similar study was conducted to evaluate the effect of 260 

DTNB concentration on the intensity of the solution after reaction. Two different DTNB concentrations, 261 

1 µmol and 2 µmol, were used and the results (not reported here) indicate no difference between 262 

concentrations. 263 

 264 
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3.2.4. Stability and integrity of the reagent for long-term field deployment and sampling   265 

When reagents were kept at ambient conditions, a slow decrease in the absorbance peak of the DTT-266 

DTNB mixture, estimated for t=0, was observed overtime (n=7); however, the consumption rate for all 267 

samples (blanks and PQ) remained constant and similar to those obtained in previous and subsequent runs. 268 

For solutions kept in iced water, the estimated absorbance at t=0 was very similar over the entire period of 269 

analysis (n=7), with again no changes in the consumption rates. In the longer study, DTT and DTNB solutions 270 

were kept in the refrigerator (4oC) and aliquots were taken out at the beginning of each day for 7 consecutive 271 

days. The measured absorbance intensity showed a small, but not significant decrease, over the 7-day period, 272 

which did not affect the measured consumption rate. Based on these results we improved the o-MOCA by 273 

adding a small cooling bath with a recirculating chiller (VWR) to maintain DTT and DTNB solutions at ~6oC 274 

for further studies.  275 

 276 

3.2.5. System Performance for continuous runs using PQ standard 277 

Figure 5 illustrates how the oxidative capacity of the samples is obtained with the o-MOCA system. 278 

Shown are data obtained for duplicate blanks and PQ samples. Figure 5a shows the raw absorbance data for 279 

each of four different quantities of PQ after addition of 500 µL of standard solution for final concentration 280 

in the reaction vial, after adding 500 µL of DTT, of 0.025 µM, 0.05 µM, 0.1 µM and 0.25 µM, plus a blank. 281 

Each group of peaks shows the decay in DTT concentration over time due to consumption by the PQ. Figure 282 

5b shows the transformed data, calculated as the fraction of DTT remaining in solution (average + STDEV) 283 

versus the reaction times. The amount remaining is obtained by normalizing the absorbance values by the 284 

initial absorbance that is inferred by the zero-intercept in a linear fit (corresponding to 100 nmol) to the 285 

absorbance values obtained at each reaction time (excluding the first two peaks corresponding to 1 and 3 286 

min). For all samples a good linear correlation between the fraction of DTT remaining and reaction time was 287 

observed, with a small standard deviation for duplicates. The rate of DTT loss was determined for each PQ 288 

concentration from the slope and zero-intercept of the linear regression the measured absorbance, as shown 289 

in Figure 5b. Multiplying the blank subtracted values by the DTT added to initiate the reaction gives the 290 

consumption rate for each PQ concentration in solution. The average rate of DTT consumption (+STDEV) 291 

obtained from all runs is 9.8 + 1.2 nmol DTT/min/µM PQ.  292 

Figure 5c presents the regression equation for DTT consumption for this range of PQ concentrations. As 293 

expected, a linear correlation is obtained with near-0 intercept, indicating a good system response to this 294 

standard compound. The small standard deviation and consistency of these data which span an order of 295 

magnitude variation in the PQ concentrations indicates that the on-line DTT method works properly.  296 

 297 
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The limit of detection of the system, defined as five times the standard deviation of the slope obtained for 298 

our blanks (n=12 over different days) is 0.15 (nmol/min). This value is slightly lower than previous limits of 299 

detection reported in the literature for the DTT assay (Charrier and Anastasio, 2012;Fang et al., 2014). If we 300 

express the limit of detection as equivalents of PQ mass in solution using the regression obtained in Figure 301 

2c, our LOD is close to the 0.025 µM PQ (25 pmol) in the reaction solution, we have been using as our lowest 302 

test concentration. These results validate our on-line DTT method, which eliminates the need for quenching 303 

agents through rapid assay, proving a method that is both simpler and more sensitive, yet retains the 304 

robustness of the original method. 305 

 306 

3.3. Validation of the online DTT assay by Comparison with UCLA Standard Method 307 

As no standards have been established for DTT consumption rate equivalence, we ran our new on-line 308 

DDT assay using diesel exhaust particles (DEP) extract (in DMSO) obtained from UCLA (courtesy of Dr. 309 

Arthur Cho and Debra Schmitz). In our validation test we measured the DTT consumption rate for 3 different 310 

initial amounts of DEP (n=2) in the incubation solution as done at UCLA (data obtained from Emma Di 311 

Stefano). Table 2 shows the DTT consumption rate obtained using our o-MOCA and the ones obtained by 312 

the UCLA group. Similar linear regression curves were obtained for the DTT consumption rate (nmol/min) 313 

as a function of DEP mass for both methods, with y=0.031+0.929 for the o-MOCA and y=0.036+0.591 for 314 

UCLA. 315 

 316 

 These results indicate that our method is comparable to the original DTT method and that the reported 317 

consumption rates will be directly comparable to laboratory based assays with equal accuracy.  318 

 319 

3.4. On-line measurement of the oxidative capacity of ambient aerosols  320 

The interface of the chemical module with the Liquid Spot Sampler was done connecting a port from one 321 

of the syringe pumps to the sample collection vial. The line is connected to the bottom of the collection vial 322 

to remove the entire particle containing suspension. The liquid suspension, containing both water soluble and 323 

insoluble material, is then delivered to the reaction vial where the reaction with DTT takes place. After sample 324 

delivery, the sample collection vial is rinsed twice with DDW (Chelex) and filled again for the next sample 325 

collection. All these steps are conducted automatically.  After some preliminary testing, the original 326 

collection vial was modified slightly to provide more complete sample transfer into the chemical module. 327 

We also found that suspension transfer was aided by turning the sampling flow off during the transfer and 328 

rinsing steps. A solenoid valve under software control was added to enable automatic switching off/on of the 329 

sample flow. The improved and optimized o-MOCA interface was initially evaluated using different standard 330 
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solutions of PQ (as shown in Figure 5). Finally, to accommodate the analysis of an air sample containing 331 

insoluble as well as soluble particulate matter, we added a stainless steel frit (Upchurch) in the line through 332 

which sample is extracted from the reaction vial and delivered to the injection valve. This way, particles are 333 

physically present in the suspension while conducting the reaction, but do not reach the injection valve, the 334 

mixing Tee, or detector, avoiding interferences and clogging of the lines. No differences were observed in 335 

DTT consumption rates for PQ solution with and without the frit. 336 

 337 

The fully automated o-MOCA was tested for continuous on-line measurement of ambient aerosols in our 338 

laboratory. Our prototype o-MOCA was operated unattended over a 3-day period. Ambient PM samples were 339 

collected for 3-hr and the oxidative capacity of the sample measured at the end of the collection. While the 340 

DTT assay was conducted a new sample was collected. It is important to note that DTT and DTNB stability, 341 

measured as the obtained intensity of the mixture at t=0, was good, with a small, but not considerable change 342 

between injections over the 3-day period.  343 

 344 

Figure 6 shows the oxidative capacity of the consecutive samples measured as the consumption rate of 345 

DTT nmol/min/m3. At the beginning of the study the consumption rate was below our limit of detection. 346 

During these first days the weather was not favorable with considerable rain. The rain lasted from the 347 

beginning of the sampling to midnight on Friday (Weather Underground historical data), which is consistent 348 

with the <LOD consumption rate measured during this period. After the rain, changes in the oxidative 349 

capacity were observed over time, with considerable diurnal and daily variability. We compared the 350 

consumption rate measured for our 3-hr samples with hourly concentrations of ambient PM2.5 and Black 351 

Carbon measured at the Air Quality Management District monitoring station closest to our location. The 352 

oxidative capacity measured for ambient particles using the o-MOCA followed a similar trend to ambient 353 

PM2.5 and Black Carbon concentrations (Figure 6). The measured activity for airborne particles collected in 354 

Berkeley, reported as the DTT consumption rate (nmol/min/m3), is within the range of activities reported by 355 

other studies for ambient particulate matter (Cho et al., 2005b;Eiguren-Fernandez et al., 2010;Verma et al., 356 

2009).Our results illustrate that the oxidative capacity of ambient particulate matter changes rapidly, and thus 357 

good time resolution is important to characterize the oxidative potential of ambient aerosols. Average 358 

consumption rates obtained from long sampling periods may fail to measure and report peak oxidative 359 

activities. 360 

 361 

 362 

 363 
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4. CONCLUSSIONS 364 

Presented is the o-MOCA system for on-line, time-resolved, un-interrupted measurement of the oxidative 365 

capacity of ambient particulate matter. Through laboratory test we have demonstrated a reproducible method 366 

with consistency in our blank signal and responsive (linear correlation) to PQ mass. The carry over and 367 

interferences are minimal. The limit of detection reported as minimum DTT consumption rate detectable with 368 

the o-MOCA is 0.15 nmol DTT/min. In addition, we have validated our o-MOCA by comparing rates 369 

obtained for a well characterized diesel exhaust particle extract to those obtained previously using the 370 

standard DTT assay (Dr. Cho’s group at UCLA). Finally, we have run the system unattended for 3 days in 371 

the laboratory obtaining diurnal and temporal variation of the oxidative activity of ambient particulate matter 372 

in Berkeley. 373 
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Table 1. DTT consumption rate (nmol/min) for consecutive samples of different activities 531 

 532 

 Consumption Rate (DTT nmol/min) 

 BLK PQ (0.25 µM) PQ (0.05 µM) 

Injection #1 0.91 2.93 1.46 

Injection #2 1.09 3.22 1.31 

 533 
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Table 2. Comparison of consumption rates (nmol/min/µg DEP) for different DEP concentrations obtained at 559 

UCLA with the standard DTT assay and o-MOCA 560 

 561 

DTT consumption rate 

(nmol/min/µg DEP) 

DEP (µg) 

2.5 5 10 

UCLA 0.07 0.072 0.037 

o-MOCA 0.068+0.002 0.054+0.003 0.032+0.007 

 562 
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FIGURES 588 

 589 

Figure 1. Flow diagram for the on-line monitor of the oxidative capacity of aerosols (o-MOCA). 590 

 591 

 592 

 593 

 594 

 595 

Figure 2. Collection efficiency for the Liquid Spot Sampler with particle size and sampling flow rate. 596 
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Figure 3. Peak absorbance for water blanks and PQ (0.25 µM) after rinsing injection with water 601 

 602 
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 605 

 606 

 607 

 608 

Figure 4. DTT consumption rate (nmol/min/µM PQ) for different initial DTT concentrations in solution (PQ 609 

concentrations of 0.25 µM). 610 
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Figure 5. Laboratory evaluation and performance of the automated system for different PQ solutions and 616 

blanks: (a) raw intensity signal (AU); b) DTT remaining in solution at each reaction time (nmol); (c) 617 

correlation between DTT consumption rate (nmol/min) and PQ concentration (µM). 618 
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Figure 6. DTT consumption rate (nmol/min/m3) for 3-hr samples collected and analyzed using o-MOCA for 625 

3 consecutive days at Berkeley, CA; PM2.5 and Black Carbon (µg/m3) data obtained from nearby monitoring 626 

station (Air Quality Management District); *: <LOD  627 
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