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12 

Abstract13 

Ambient particulate matter (PM) can cause adverse health effects via their ability to produce 14 

reactive oxygen species (ROS). Humic-like substances (HULIS), a complex mixture of 15 

amphiphilic organic compounds, have been demonstrated to contain the majority of redox 16 

activity in the water-extractable organic fraction of PM. Reduced organic nitrogen 17 

compounds, such as alkaloids resulting from biomass burning emissions, are among HULIS 18 

constituents. In this study, we examined the redox activities of pyridine, imidazole and their 19 

alkyl derivatives (i.e., 3-methoxypyridine, 4-methylimidazole, 2-methylimidazole, and 2,4-20 

dimethylimidazole) using a cell-free dithiothreitol (DTT) assay under simulated physiological 21 

conditions (37oC, pH =7.40). These compounds were found to not have redox activity on22 

their own as measured by the DTT assay, but they enhanced ROS generation catalyzed by 23 

1,4-naphthoquinone (as a model quinone compound) and HULIS isolated from multiple 24 

aerosol samples. The enhancement effect by the individual nitrogen-containing bases was25 

determined to be proportional to their amount in the assay solutions. It is postulated that the 26 

underlying mechanism involves the unprotonated N atom acting as a H-bonding acceptor to 27 
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facilitate hydrogen-atom transfer in the ROS generation cycle. The enhancement capability 28 

was found to increase with their basicity (i.e., pKa of their conjugated acids, BH+), consistent 29 

with the proposed mechanism for enhancement. Among the imidazole homologues, a linear 30 

relationship (log scale) was observed between the enhancement factors of the unprotonated 31 

form of the imidazole compounds (i.e., B) and the pKa of their conjugated acids (i.e., BH+).32 

This relationship predicts that the range of alkyl imidazole homologues (C6-C13) observed in 33 

atmospheric HULIS would be 1.6-5 times more effective than imidazole in facilitating 34 

HULIS-mediated ROS generation. Our work reveals that the ability of atmospheric PM 35 

organics to catalyze generation of ROS in cells could be affected by co-existing redox 36 

inactive organic constituents and highlights the importance in identifying and quantifying the 37 

individual redox active constituents as well as the redox inactive nitrogen-containing bases.   38 

Key words: Organic Aerosols, Health Effect, Reactive Oxygen Species, alkaloids 39 

40 

Introduction41 

Ambient particulate matter (PM) is an important air pollutant known to cause adverse 42 

health effects and mortality in humans.1 3 One of the major toxicological mechanisms is 43 

through the induction of oxidative stress derived from PM-mediated generation of reactive 44 

oxygen species (ROS) in cells.4 7 Among the numerous constituents of PM, metals8 12 and45 

quinoid compounds13 have been established as capable of catalyzing ROS generation in cells. 46 

More recently, humic-like substances (HULIS), a complex mixture of water-extractable 47 

amphiphilic organic compounds having structural similarities to terrestrial and aquatic humic 48 

substances (HS),14 have also been recognized as major redox-active components in ambient 49 

PM and can serve as electron carriers to catalyze ROS formation.15,16 However, the specific 50 

components of HULIS that impact ROS formation activity have been largely unexplored. 51 

Our previous ultra-high resolution mass spectrometric (UHRMS) study identified 52 
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nitrogen-containing heterocyclic compounds of double bond equivalency (DBE) 3 or 4 (i.e., 53 

alkaloids) among the most abundant peaks detected under positive electrospray ionization 54 

mode in the HULIS fraction of ambient and biomass burning (BB) source samples collected 55 

in the Pearl River Delta (PRD) region of China.17 Laskin et al.18 also reported alkaloid 56 

compounds as abundant constituents in aerosols emitted from various biofuels. Alkaloids are 57 

generally basic compounds derived from amino acids in plants and living organisms, and can 58 

be emitted from smoldering fires with minor pyrolytic and oxidative processing.1959 

Additionally, some alkaloids, such as imidazole, imidazole-2-carboxaldehyde and 1N-60 

glyoxal-substituted imidazole, are also reported to be major products of glyoxal reaction with61 

ammonium ions or primary amines on secondary organic aerosol (SOA).20 2262 

The dithiothreitol (DTT) assay is a chemical method developed for evaluating the 63 

redox cycling capacity of catalytically active redox species by measuring how fast DTT is 64 

oxidized.23 In this study, we initially hypothesized that the lone pair of electrons in alkaloid 65 

compounds might render them to be redox-active. A few alkaloids (e.g., imidazole, pyrrole, 66 

pyridine, pyrimidine, pyrazine and their derivatives) were tested by the DTT assay, but all67 

showed negligible ROS activity. Prompted by the Kipp et al.24 cyclic voltammetry study that 68 

showed unprotonated imidazole can accept a proton from the reductant, facilitating electron 69 

transfer, we experimented both a DTT assay of a redox-active model compound (e.g. 70 

quinones) and atmospheric HULIS samples in the presence of atmospheric relevant alkaloids 71 

(i.e., imidazole, pyridine, and some of their derivatives). The results indicate that they could 72 

facilitate the production of ROS. Figure 1 shows a conceptual diagram of alkaloids forming73 

H-bonding with a hydroquinone compound (as a model ROS-active compound) and 74 

concomitant consumption of DTT. In the presence of these nitrogen-containing compounds,75 

the oxidation of organic compounds that normally lose hydrogen atoms could be enhanced by 76 

the formation of H-bonding.  77 
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78 

Experimental Section79 

Aerosol Samples. Ambient samples of PM2.5 (PM of less than 2.5 m in aerodynamic 80 

diameter) were collected at urban (Guangzhou (GZ)) and suburban (Nansha (NS)) locations 81 

in the PRD of in 2009. The samples were collected onto prebaked quartz filters using a high 82 

volume aerosol sampler (TE-6070 V-BL, Tisch Environmental Inc., USA). The sampling 83 

duration for individual samples was 24 h.84 

Fresh BB emissions samples were collected from open burning experiments in a village.85 

Locally harvested rice straw in small bundles and sugar cane leaves in thin piles were burned,86 

simulating the open field burning practiced by farmers. PM2.5 smoke particles were collected 87 

about 5 m downwind of the fires. More details about the sampling work can be found in our 88 

previous papers.25,2689 

HULIS Isolation and Determination. HULIS in aerosol filter samples was first isolated 90 

from the other constituents in water extracts using solid phase extraction (SPE), followed by 91 

quantification by an evaporative light scattering detector (ELSD). The isolation procedure 92 

separates the water-soluble matter into a hydrophilic fraction (the SPE cartridge effluent) and 93 

a hydrophobic fraction (i.e., the HULIS fraction or the eluate fraction). In brief, portions of 94 

the high-volume filters were extracted in an ultrasonic bath with water, the volume of which 95 

used was about 1 mL per 1 cm2 filter area for extraction. The extract was acidified with HCl 96 

(pH 2) before it was loaded on a SPE cartridge (Oasis HLB, 30 m, 60 mg/cartridge, Waters),97 

with the ratio of HCl to the extract set to be ~ 4 L per mL. The loaded cartridge was 98 

subsequently rinsed with two 1 mL portions of water before elution with 12 mL methanol. 99 

The eluate was collected and evaporated to dryness under a gentle stream of N2 and resolved 100 

in water for HULIS quantification and DTT assay. Details on the characteristics and 101 

performance of this method have been reported in our previous work.25 It should be noted 102 
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that in this work 12 mL of methanol instead of 1.5 mL of methanol containing 2% ammonia 103 

was used as the elution solvent. This alteration was to avoid possible chemical modification 104 

of the HULIS fraction as ammonia may react with carbonyl compounds to generate imines.27105 

The increased volume of elution solvent was to ensure satisfactory elution efficiency.15106 

DTT Assay. DTT, diethylene triamine pentaacetic acid (DTPA), 1,4-naphthoquinone 107 

(1,4-NQ), 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB), 3-methoxypyridine, pyridine, 108 

imidazole, 4-methylimidazole and 2-methylimidazole were obtained from Sigma Chemical 109 

Co. (St. Louis, MO). 2,4-dimethylimidazole was purchased from Meryer Chemical 110 

Technology Co., Ltd. (China).111 

The procedure of the DTT assay in this study follows that used by Lin and Yu.15112 

of sample aliquot was first mixed with 950 of 0.1 M potassium phosphate 113 

buffer (pH 7.40) containing 1 mM DTPA. DTPA was added to the phosphate buffer to inhibit 114 

DTT consumption by metal ions.28 The composition of each 200 sample aliquot varied 115 

across the tests, as 116 

added and the mixture was allowed to react at 37°C in an oven for 30 min in 1,4-NQ117 

experiments, or 90 min in HULIS experiments, or 30 min in experiments involving both 1,4-118 

NQ and HULIS. A 10 in 0.1 M potassium 119 

phosphate buffer containing 1 mM DTPA) was added to the reaction solution to generate a 120 

colored product. Absorption (A) measurements at 412 nm were taken using a diode-array 121 

spectrophotometer within 30 min. Each experiment of the DTT assay was run in triplicate.122 

The DTT assay response (RDTT), defined as the percentage of DTT consumed, is 123 

computed using the equation below:  124 

0

0

100%DTT
A - AR

A
(1)125 

where A0 is the absorbance due to DTT added in a blank sample and A is the absorbance due 126 
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to DTT added in a sample. In the blank sample, DTT is only consumed by dissolved O2. The 127 

calibration curve confirmed that absorbance is linearly proportional to the DTT 128 

concentrations in the solution (R2 > 0.99). The rate of DTT consumption in picomole per 129 

minute of incubation time per microgram of ROS active component (i.e., is 130 

then calculated with Eq (2): 131 

DTT
DTT( / min/ )DTT pmol g R n

t m
(2)132 

where t is the reaction time (min), m is the mass of ROS-active component (1,4-NQ or 133 

HULIS) ( ), and nDTT is the amount of DTT added in the tube (pmol). The DTT assay 134 

performed on samples containing each of the six tested alkaloid compounds verified that they 135 

have no DTT activity on their own. 136 

137 

Results and Discussion138 

Detection of Nitrogen-containing Compounds. The presence of imidazole, pyridine 139 

and their derivatives in atmospheric HULIS samples was checked using ultra-high resolution 140 

mass spectrometric (UHRMS) data obtained in positive electrospray ionization (ESI+) mode. 141 

One ambient sample and two BB source samples were extracted and treated to obtain the 142 

HULIS fraction followed by analysis using Fourier transform ion cyclotron resonance mass 143 

spectrometry (FT-ICR MS). The m/z values were normalized to CH2 to get the Kendrick 144 

mass29 using Eq (3):145 

65)(14/14.015  peak) of  value(exact  = massKendrick m/z (3)146 

Then Kendrick Mass Defect (KMD) of the peak is calculated with Eq (4): 147 

massKendrick exact   massKendrick  nominal = KMD (4)148 

Homologous series that differ by the CH2 groups have an identical KMD value.30 Figure S1149 

shows the plots of KMD versus carbon numbers for compounds containing one N and two N 150 

atoms (abbreviated as N1 and N2 compounds hereafter) in the HULIS fraction of ambient, 151 
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rice straw burning and sugar cane leaves burning aerosol samples collected in the PRD region.152 

The signal-to-noise ratio values are color-coded to indicate their relative abundances within 153 

the same sample. The N1 formulas with KMD = 0.046 represent the homologues of pyridine, 154 

while the N2 formulas with KMD = 0.0385 represent the homologues of imidazole. The C7-155 

C14 homologues of pyridine and the C7-C13 homologues of imidazole were detected in the 156 

HULIS fraction of the BB aerosols. Out of those detected in the source samples, three 157 

imidazole homologues and seven pyridine homologues were also detected in the ambient 158 

HULIS sample. Higher abundance was found in the BB source samples (rice straw and sugar 159 

cane samples), which may be attributed to the phenomenon that smoldering fire is typical 160 

burning condition for rice straw in the PRD region.17 The UHRMS data, although not 161 

definitive evidence for the identification of these N1 and N2 series compounds as imidazole 162 

and pyridine derivatives, strongly suggests their plausible presence in ambient atmospheric 163 

aerosols.164 

Enhancement of 1,4-NQ ROS activity by HULIS. The hypothesis that the nitrogen-165 

containing bases (N-bases) in alkaloids could enhance the ROS activity of ROS-reactive 166 

organic compounds was first tested by examining the mixture of 1,4-NQ (serving as a model 167 

ROS-reactive compound) and HULIS (which contains the N-bases with perceived ROS 168 

enhancing capability). The DTT consumption by the mixture of 1,4-NQ and HULIS was 169 

measured and compared with those measured for the same amount of 1,4-NQ (3 ) and 170 

HULIS (60 ) in separate solutions. One ambient HULIS sample (NS20091023) and 171 

one HULIS sample from rice straw burning were used in this set of experiments and the172 

results are shown in Figure 2. It is clear that the DTT response from the mixture of 1,4-NQ 173 

and HULIS was more than the sum of individual responses, where the mixture with ambient 174 

HULIS is 3.8 % greater and the mixture with rice straw burning HULIS is 33.2 % greater 175 

than the individual responses. The DDT consumption rate by 1,4-NQ was 727 ± 30 176 
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in the absence of HULIS, but this value increased to 831 ± 45 in 177 

the presence of 6 ambient HULIS and 1649 ± 75 in the presence of 6 BB178 

source HULIS. The DDT consumption rate by 1,4-NQ in the mixture was calculated by 179 

deducting the DDT consumption due to HULIS. The results indicate that certain compounds 180 

in HULIS could enhance the 1,4-NQ redox activity to generate ROS. The larger enhancement 181 

elicited by the BB source HULIS is consistent with the higher abundance of N-base 182 

compounds in the BB source samples than the ambient sample. 183 

Enhancement of 1,4-NQ ROS activity by select N-bases. We next examine the 184 

enhancement effect on 1,4-NQ using single N-base compounds. Figure 3a shows the DTT 185 

consumption rate by 1,4-NQ in the presence of various amounts of 2-methylimidazole,186 

indicating the enhancement is linearly proportional to the amount of 2-methylimidazole. The 187 

slope is then the enhancement factor per mol of N-base: 66.8  1,4-NQ per mol 188 

of 2-methylimidazole.  Five additional N-bases, including three more in the imidazole family 189 

(imidazole, 4-methylimidazole and 2,4-dimethylimidazole) and two in the pyridine family 190 

(pyridine and 3-methoxypyridine), were tested and all were found to enhance the 1,4-NQ191 

ROS activity. Their individual unit enhancement factors are listed in Table 2, ranging from 192 

1.04 for 3-methoxypyridine to 91.2  1,4-NQ per mol N-base for 2,4-193 

dimethylimidazole.194 

These N-bases exist in either the protonated (BH+) or unprotonated form (B), and the 195 

relative abundance of the two forms at the experimental pH condition (pH 7.40) depends on 196 

their pKa values. Both pKa and the fraction of the unprotonated form (fB) for the tested N-197 

bases are given in Table 2. As only the unprotonated form is effective in forming H-bonding 198 

with 1,4-NQ, it is reasonable to normalize the unit enhancement factor against the amount of 199 

the unprotonated form. Hereafter we term the unit enhancement factor normalized against the 200 

unprotonated form B to be EFB while the unit enhancement factor normalized against the sum 201 
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of B and BH+ to be apparent EF. The two are linked through fB, i.e., 202 = apparent /   (5)203 

EFB ranges from 1.04 by 3-methoxypyridine to 921 pmol/min/(  1,4-NQ) per mol N-base 204 

for 2,4-dimethylimidazole.205 

It is noted that EFB increases with pKa among the six N-base compounds. The plot of 206 

log (EFB) vs. pKa (Figure 4a) reveals a strong linear relationship between the two (R2 = 0.992) 207 

for the imidazole series. A larger pKa value of the conjugated acid BH+ means higher basicity208 

of B, that is, the unprotonated form (i.e., B) has stronger ability to accept a proton from the 209 

reductants. This agrees well with the observed results that the N-bases of larger pKa values 210 

have a stronger enhancement effect on 1,4-NQ and thereby lead to more DTT consumption.  211 

The two tested pyridine N-bases have pKa values lower than the imidazole N-bases.212 

Their enhancement effects were significantly smaller and only detectable at higher 213 

concentrations (> 10 mol). The linear increase in enhancing DDT consumption with 214 

increasing pyridine N-base concentration only held up to the concentration of ~ ,215 

beyond which the consumption of DTT increased at a much slower rate (Figure S2). 216 

Histidine, a -amino acid with an imidazole functional group, also shows a positive 217 

effect on 1,4-NQ ROS activity. 6.4 mol (1 mg) of histidine in the DTT assay yields an218 

enhancement effect between that of pyridine and imidazole at the same molar concentration,219 

which is consistent with the pKa value of histidine (6.10) residing between pyridine (5.14) 220 

and imidazole (6.95). Njus et al.33 also found that the imidazole side-chain on histidine221 

residue can facilitate the proton-electron transfer from ascorbic acid to cytochrome b561 by 222 

the formation of H-bonding in physiological conditions. However, as histidine is insoluble at 223 

higher concentrations, it cannot be tested further in the DTT assay.  224 

A second ROS active model compound, 9,10-phenanthrenequinone (9,10-PQ), was 225 

also tested. The DTT consumption rate by 9,10-PQ in the absence of any N-bases was 226 
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measured to be 9000 pmol/min/ g, ~15 times larger than that of 1,4-NQ. Similarly, Li et 227 

al.34 reported that 9,10-PQ has about 10 times higher ROS activity than 1,4-NQ in the DTT 228 

assay. DTT assays were also carried out on the mixtures of 9,10-PQ (0.015 g) and varying 229 

amounts of imidazole (1.5-88 mol). A linear relationship between DTT9,10-PQ and the 230 

amount of imidazole (R2 = 0.99) was observed, yielding a slope of 267 pmol/min/( g 9,10-231 

PQ) / mol imidazole, which produces a EFB of 362 pmol/min/( g 9,10-PQ) / mol imidazole. 232 

This value is ~11 times larger than the EFB of imidazole on 1,4-NQ (Table 2).  233 

Enhancement of HULIS ROS activity by N-bases. We tested the DTT consumption of 234 

HULIS in the presence of various amounts of N-bases. As an example, Figure 3b shows the 235 

DTT consumption rate of HULIS (from ambient sample NS20091023) as a function of the 236 

amount of 2-methylimidazole. A clear linear relationship (R2 = 0.99) is found, indicating a 237 

similar pattern as seen in Figure 3a showing the enhancement effect by 2-methylimidazole on 238 

1,4-NQ ROS activity. The apparent EF values as determined by the slope and EFB computed 239 

using Eq (5) for all the six N-bases are summarized in Table 2. Again, log (EFB) is linearly 240 

proportional to pKa for the imidazole series (Figure 4a). For each of the tested N-bases, the 241 

EFB acting on HULIS is much smaller (67-308 times smaller) than that acting on 1,4-NQ. 242 

HULIS is a mixture and only some of its constituents (such as quinones) have DTT activity, 243 

hence, a smaller enhancement effect on per unit mass HULIS than that on 1,4-NQ is expected.244 

It is also possible that the redox active constituents in HULIS are less sensitive than 1,4-NQ 245 

to the hydrogen bonding effect by the N-bases, which is demonstrated above by the EFB with 246 

imidazole acting on 1,4-NQ and 9,10-PQ differing by a factor of ~11.  247 

The quantitative relationship of log (EFB) vs. pKa for the imidazole series allows the 248 

calculation of the apparent EF at the physiological pH 7.40 for an imidazole derivative of a 249 

given pKa: 250 apparent = × = 10( × ) × [ ]/    (6)251 
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where m is the slope and c is the intercept of the log (EFB) vs. pKa. Figure 4b shows the 252 

calculated apparent EF by the imidazole series acting on HULIS (red) and 1,4-NQ (green) in 253 

the pKa range of 4-10. With the minimum detectable enhancement factor at ~0.01 254 

pmol/min/ g (HULIS) per mol N-base, the imidazole derivatives with a pKa larger than ~6255 

have a measurable enhancement effect on HULIS-mediated ROS generation. At pKa of 9.4 or 256 

higher, the unprotonated N-base fraction would be reduced to <1%, thereby limiting the 257 

enhancement effect. Within the imidazole series, pKa increases with increasing carbon 258 

number in the alkyl substituents.35 Alkyl imidazole homologues (C6-C13) observed in 259 

atmospheric HULIS are estimated to have pKa in the range of 7.2-9.0 using the pKa-structure 260 

relationships developed for alkyl imidazoles by Lenarcik and Ojczenasz.35 Calculations of 261 

apparent EF by Eq. (6) predict that this range of alkyl imidazoles would be 1.6-5 times more 262 

effective than imidazole in facilitating HULIS-mediated ROS generation under the 263 

physiological pH condition. 264 

Only two compounds in the pyridine series were tested for their effect on HULIS-265 

mediated ROS generation. The weaker pyridine series EFB acting on HULIS is consistent 266 

with their lower pKa than the imidazole series (Table 2). The EF measurements, although 267 

limited, suggest that the pyridine series may represent a different log (EFB) vs. pKa268 

relationship than the imidazole series (Figure 4a). Additional experiments with more pyridine 269 

compounds are needed to verify this.   270 

Enhancement effect of imidazole on ROS activity mediated by different ambient 271 

HULIS samples. The enhancement effect of N-bases on different ambient HULIS samples 272 

was also examined for qualitative evaluation of the variability in ROS active components. 273 

Figure 5 compares DTT consumption rate by HULIS from six ambient samples in the 274 

absence and presence of imidazole (15 mol). The samples were selected from a pool of 275 

~120 samples collected at two locations in the PRD in different seasons. Our source 276 
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apportionment study using positive matrix factorization analysis of PM2.5 major constituents277 

and organic tracers in the samples has identified secondary formation, biomass burning and 278 

ship emissions as the major contributing sources to HULIS.36 Taking advantage of the source 279 

apportionment results, we selected two samples having a dominant secondary formation 280 

contribution, one sample dominated by biomass burning HULIS and three samples dominated 281 

by HULIS associated with ship emissions. The enhancement of HULIS-mediated ROS 282 

activity by imidazole was invariably observed for all the HULIS samples. The redox 283 

activities of ambient HULIS increased by 14% from 6.4 ± 1.2 in the absence of imidazole to 284 

7.2 ± 1.2 pmol DTT/min per g HULIS in the presence of 15 mol of imidazole. The EFB285 

value was on average 0.078 ± 0.018 and ranged from 0.049 to 0.104 pmol/min/ g HULIS per 286 

mol imidazole. The two samples dominated by HULIS associated with secondary formation 287 

had higher EFB than the other samples (Figure 5). However, due to the small number of 288 

samples tested, it is uncertain whether this observation suggests that HULIS of secondary 289 

origin contains more ROS active constituents that are sensitive to enhancement by N-bases. 290 

A logical inference arises from the discovery of imidazoles and pyridines enhancing ROS 291 

activity in HULIS samples. That is, ROS activity of atmospheric HULIS measured as the 292 

DTT consumption rate in pmol/min/ g HULIS would be higher in DTT assays performed 293 

with higher HULIS doses since more of the N-bases would be available to enhance the ROS 294 

production mediated by HULIS in the samples of higher HULIS doses. We report in our 295 

previous study the DTT consumption data in pmol/min as a function of HULIS dose ( g) in 296 

the incubation solution (Figure 2a in Lin and Yu15). A close examination of the data suggests 297 

that the DTT consumption at higher HULIS dose deviated upwards from the linear curve 298 

established by the lower dose data.  A quadratic curve of zero intercept yields excellent fitting 299 

with all the data in the full range of the tested HULIS doses (y=0.44 x2+9.38 x, r2 = 0.999)300 

(Figure 6), indicating the DTT consumption rate per g HULIS increases with HULIS dose.301 

This is the Pre-Published Version 



13 

 

The dependence of the DTT consumption rate per g HULIS on the HULIS-dose could also 302 

be discerned if we fit the lower-dose and the higher-dose data with two separate linear curves, 303 

which produces a slope of 10.5 and 15.4 pmol/min/ g HULIS, respectively (Figure 6). This 304 

result is consistent with the characteristics of HULIS containing both ROS active constituents 305 

and components enhancing ROS activities.  306 

Implications on health effects of PM. Atmospheric HULIS contains both redox active 307 

components and redox inactive constituents such as heterocyclic N-containing bases. The 308 

DTT assay performed on the atmospheric HULIS fraction in the presence of imidazoles 309 

clearly indicates that the redox activity of the HULIS fraction is enhanced by the co-existing 310 

redox inactive N-bases. As such, the ROS response of HULIS, perhaps PM by extension, is 311 

not linear to the dose. Once inhaled, the redox activity exerted by HULIS in PM could also be 312 

enhanced by histidine residues, which contain imidazole side chains that have a pKa ~ 6. This 313 

work reveals the health effect implications of N-bases present in atmospheric PM and 314 

underlines the importance of characterizing the molecular level of the redox active 315 

components and the redox inactive N-bases in the HULIS fraction. 316 
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Table 1. Composition combinations in the DTT assays that involve redox inactive N-bases 

and redox reactive single components or HULIS mixtures a.

assay No. N-base
( ) 

ROS active 
component 
( )

1.1-1.6 3- b 0 10 50 100 150 200

1,4-NQ

or 

50-150 

HULIS

2.1-2.6 b 0 10 50 100 150 200

3.1-3.6 imidazole (mg/mL) 0 1 10 20 30 40

4.1-4.6 4-methylimidazole (mg/mL) 0 1 5 10 15 20

5.1-5.6 2-methylimidazole (mg/mL) 0 1 5 10 15 20

6.1-6.6 2,4-dimethylimidazole 
(mg/mL) 0 1 5 10 15 20

a Each 200 aqueous solution of a certain N-base of different concentrations and 
solution of an ROS active component (either 1,4-NQ or HULIS). The incubation time was 30 min for 

assays involving 1,4-NQ and 90 min for assays involving HULIS.
b 3- L.
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Table 2. Nitrogen base compounds tested and their unit enhancement factor to ROS activities 

by 1,4-NQ and an ambient HULIS sample. 

Nitrogen 
Compound 

Chemical 
Structure

pKa 
Value a fB

b
N-base acting on 1,4-

NQ (pmol/min/ g 
per mol N-base)c

N-base acting on
HULIS (pmol/min/ g/

per mol N-base) 
Apparent 

EF EFB
Apparent 

EF EFB

3-methoxy
pyridine 4.88 0.997 1.04 1.04 0.0155 0.0155

pyridine 5.14 0.994 1.74 1.75 0.0108 0.0109

imidazole 6.95 0.738 23.4 31.7 0.0772 0.105

4-methyl
imidazole 7.45 0.471 63.4 135 0.206 0.437

2-methyl
imidazole 7.75 0.309 66.8 216 0.256 0.828

2,4-dimethyl
imidazole 8.36 0.099 91.2 921 0.335 3.38

a The pKa value of 2,4-dimethylimidazole is obtained from Bilow and Hermansen31 and all the other 
compounds are from Williams32. 
b fB is the fraction of the unprotonated form of each N-base in the solution of pH 7.40. 
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Figure 1. Conceptual diagram of quinone-catalyzed ROS production and concomitant 

consumption of DTT (in the box), with imidazole and pyridine compounds facilitating the 

oxidation of hydroquinone to semi-quinone through H-bonding.  
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Figure 2. Comparison of DTT consumption by 1,4-NQ (3 ) and HULIS (60 )

samples individually and their mixtures. Column A is the DTT response from separate 

solutions of 1,4-NQ and HULIS from the NS20091023 ambient sample, while column A’ 

represents the DTT response from the mixture of 1,4-NQ and HULIS. Similarly, column B is 

the DTT response from separate solutions of 1,4-NQ and HULIS from the rice straw burning 

sample and column B’ represents the DTT response from the mixture of the two. The

incubation time was 30 min in these experiments. The error bars represent the standard 

deviations of triplicate measurements.

Figure 3. DTT consumption rate by (a) 1,4-NQ and (b) HULIS in the presence of various 

amounts of 2-methylimidazole. The error bars represent the standard deviations of triplicate 

measurements. HULIS used in (b) was extracted from the ambient aerosol sample 

NS20091023.
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Figure 4. (a) Correlation of log (EFB) against pKa of the protonated N-bases. EFB is the unit 

enrichment factor normalized against the unprotoned form. (b) The predicted enrichment 

factor (normalized against the total N-base) acting on 1,4-NQ and ambient HULIS for 

imidazole homologues. The fraction of the unprotonated form (fB) at physiological pH 7.4 is 

also show as a function of pKa. 

Figure 5. Comparison of DTT consumption rate by HULIS from different ambient samples

in the absence and presence of imidazole (15 mol). The error bars represent the standard 

deviations of triplicate measurements. The right plot shows the EFB of imidazole acting on

the six ambient HULIS samples order from high to low. 
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Figure 6. DTT consumption rate as a function of HULIS amount used in the assay. The original data 
was shown in Figure 2b in the paper by Lin and Yu (2011). Error bars represent the standard 
variations of triplicate measurements.  
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