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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Ambient PM2.5 samples were collected 
in Midwest USA for quantitative anal
ysis of their oxidative potential. 

• The molecular composition of the 
PM2.5 samples was analyzed using 
advanced methods of high-resolution 
mass spectrometry. 

• N-containing heterocyclic compounds 
enhance oxidative potential of PM2.5 
organic components.  

A B S T R A C T   

Organic constituents of atmospheric particular matter (PM) contribute significantly to prompt generation of reactive oxygen species (ROS) in particle phase, which is 
often quantified in terms of its oxidative potential (OP). In this study, we used complementary methods of the advanced molecular characterization and the OP 
quantitation to explore potential of different organic species to enhance ROS generation in ambient aerosol samples. We used seven PM2.5 samples collected in the 
Midwest US, and extracted them sequentially into a set of solvents with different polarity: first non-polar hexane (HEX), then moderately polar dichloromethane 
(DCM) and finally polar deionized (DI) water. The DI extracts were further separated using solid phase extraction to isolate water-soluble organic carbon (WSOC) 
from inorganic ions. The OP of obtained extracts was analyzed using dithiothreitol (DTT) assay and reported here in terms of the DTT consumption rate (called DTT 
activity). The molecular composition of the same extracts was analyzed using a tandem platform of high-performance liquid chromatography (HPLC) coupled with a 
photodiode array detector (PDA) and a high-resolution mass spectrometer (HRMS). Highest DTT activities were observed in WSOC fractions (>1.1 μM min−1) 
followed by DCM (0.75–1.1 μM min−1) and HEX (<0.75 μM min−1) fractions, respectively. These results were complemented by the HPLC-PDA-HRMS molecular 
characterization data indicating numerous redox-active polar organics detected in the WSOC fractions. In particular, chemical component with elemental formula of 
C11H11N - attributed to dimethyl quinoline (DMQ) - was found systematically across all DTT-active fractions. The unprotonated nitrogen atom in the pyridine ring of 
quinolines facilitates electron transfer in the redox reactions, catalyzing generation of ROS in the quinoline containing samples. This is the first study that unam
biguously identifies quinoline as a promoter of ROS generation determined within complex mixtures of ambient organic aerosols.   
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1. Introduction 

Atmospheric aerosol is an inherent component of the air pollution 
associated with detrimental health effects, ranging from asthma and 
respiratory problems to cardiopulmonary disease and cancer (Pope 
et al., 1995a, 1995b; Dockery et al., 1993). One of the fundamental 
mechanisms causing the health effects is inhalation of aerosols that 
induce burst of reactive oxygen species (ROS) inside lung cells, exerting 
cellular oxidative stress (Oh et al., 2011; Karlsson et al., 2005). The ROS 
stand for a broad term that stands for a range of oxygen containing 
species with strong oxidizing abilities, such as superoxide anion (O2

•−), 
hydroxyl radical (•OH), hydrogen peroxide (H2O2) and other peroxides 
(See et al., 2007). Numerous studies have shown that various compo
nents of ambient particulate matter (PM) could catalyze the generation 
of ROS (Li et al., 2008; Garçon et al., 2006; Valavanidis et al., 2013). 
Thus, quantitative assessment of the ROS generation capability of spe
cific molecular components of PM is a critical prerequisite necessary for 
predictive understanding of aerosol health effects. The ability of 
ambient particles to generate ROS (or consume physiological antioxi
dants) is conveniently called as the oxidative potential (OP) – an 
important metric related to environmental toxicity of the aerosol (Bates 
et al., 2019; Ayres et al., 2008). 

There are several chemical methods to measure the OP in ambient 
PM samples, e.g., ascorbic acid (AA) assay (DiStefano et al., 2009), 
dithiothreitol (DTT) assay (Cho et al., 2005a), and measurement of ROS 
in a surrogate lung fluid (SLF) (Vidrio et al., 2009). Of these, the DTT 
assay is arguably the most commonly used method because of its 
sensitivity to many transition metals and aromatic organic compounds 
(Verma et al., 2015a). DTT assay is a cell-free chemical method devel
oped for determining O2

•− formation as the initial step in the generation 
of ROS (Delfino et al., 2013; Charrier and Anastasio, 2012). The con
sumption rate of DTT by PM samples has been found to be proportional 
to the particles’ ability to induce a stress protein in cells (Fang et al., 
2015). In this assay, redox-active substances in PM effectively catalyze 
the transfer of electrons from DTT to dissolved molecular oxygen, 
leading to the generation of O2

•−. The rate of DTT consumption is linked 
to the concentration of the redox-active substances in the sample (Li 
et al., 2009; Kumagai et al., 2002). Thus, DTT assay is used as a quan
titative method to assess the capacity of PM samples to catalyze ROS 
generation. The particulate species responsible for DTT oxidation are 
typically examined by correlating DTT activity with PM chemical 
composition (Verma et al., 2014). 

The variation of OP in PM is attributed to PM chemical composition, 
chemical-partition between PM and solution, solvent condition (pH (Li 
et al., 2022), dissolved oxygen, water vs. PBS vs. SLF, presence of pro
teins, surfactants, and antioxidants, etc.), and exact OP method (DTT 
concentration, incubation temperature, etc.) (Lin and Yu, 2019; Wei 
et al., 2020; Zhou et al., 2022). It was reported that transition metals or 
organic components elevate the OP, shown by the DTT assay measur
ments (Verma et al., 2015a; Fang et al., 2015). Among the soluble 
transition metals of PM2.5, Copper and Manganese are the most 
DTT-active (Charrier and Anastasio, 2012; Yu et al., 2018). Some inor
ganic ions, such as SO2−

4 , NO−
3 and NH+

4 are also moderately associated 
with DTT activity (Wang et al., 2018). Selected organic species such as 
quinones have been also identified as the major DTT active components 
in PM (Yiqiu et al., 2018; Tuet et al., 2017). 

Humic-like substances (HULIS), a complex mixture of large molec
ular weight compounds containing aromatic moieties (of which qui
nones and hydroxyquinones are a subset) have been known as major 
redox-active components of water-soluble organic carbon (WSOC) 
(Verma et al., 2012, 2015a; Lin and Yu, 2011). HULIS are components of 
light absorbing organic aerosols (OA), also known as brown carbon 
(BrC) (Verma et al., 2015a). Laboratory studies indicated that while 
reduced N-containing organic bases such as pyridine, imidazole and 
their alkyl derivatives show no redox activity on their own, their 

complexation with HULIS enhances redox activity of quinones (modeled 
with 1,4-naphthoquinone standard) and therefore WSOC (Dou et al., 
2015). This enhancement is proportional to the amount of N-containing 
organic bases in the assay solutions, which was attributed to ability of 
the unprotonated N atom to act as a H-bonding acceptor, facilitating 
hydrogen-atom transfer in the ROS generation cycle (Dou et al., 2015). 
Considering complexity of organic components in ambient PM samples 
and broad range of their individual species (of which only a fraction is 
typically speciated), an explicit detection of organic components with 
strong catalytic effects on the ROS generation is largely lacking (Verma 
et al., 2015a). Thus, there is a clear need to develop and apply 
molecular-specific methods to identify and characterize the organic 
compounds that enhance ROS generation in ambient aerosol, deci
phering their direct and catalytic effects on ROS. 

In this work, we utilize high performance liquid chromatography 
(HPLC) separation coupled with photodiode array (PDA) and high res
olution mass spectrometry (HRMS) detection that has been used in our 
previous work, (Lin et al., 2015a,b) in conjunction with DTT assay to 
identify ROS active components of PM2.5 for the first time. Additional 
insights to the compound class specific ROS activity is provided through 
analysis of sequentially extracted PM2.5 using a suite of non-polar and 
polar solvents. 

2. Methods and materials 

2.1. Ambient PM2.5 sampling and solvent extractions 

Seven ambient PM2.5 samples were collected in January–April 2017 
from the roof of Newmark Civil and Environmental Engineering build
ing of UIUC (Urbana, IL; height from the ground level 30 m) using a 
high-volume sampler (flow rate = 1.13 m3/min) with a PM2.5 inlet 
(Tisch Environmental; Cleves, OH). Detail of the sampling site has been 
provided elsewhere (Yu et al., 2018). Briefly, the site is 240 m south of a 
major street (University Avenue) and is approximately 1 km from 
downtown Champaign. Therefore, the major emission sources at the site 
are vehicular emissions along with resuspended local dust. In addition to 
these local sources, the sampling site is probably impacted by the 
long-range transported pollution coming from northwest (for sample 3 
and 5) and southern regions (for sample 4), as indicated by the backward 
air mass trajectories on different sampling dates (Fig. S1). 

Prebaked 8 × 10 in. quartz filters (Pallflex Tissuquartz, Pall Life 
Sciences; Port Washington, NY) were used for sample collection. Each 
sample was collected for a period of 72 h. Sample collection information, 
including the sampling period and estimated PM2.5 mass loading on each 
filter, is listed in Table S1. After sample collection, the filters were 
immediately wrapped in aluminum foil, sealed and stored in a freezer at 
−20 ◦C until analyses. Two field blanks were collected by leaving blank 
filters in the filter holder at the sampling site for 5 min, but without 
turning on the pump. The meteorological parameters as obtained from 
the University of Illinois – Willard Airport station (8 km southwest of the 
sampling site) are also shown in Table S1. The average temperature and 
relative humidity (RH) at the sampling site during the whole sampling 
period were 9.5 ± 6.4 ◦C and 66.9 ± 12.6 %RH, respectively, indicating 
stable meteorological conditions throughout all the samples. The pre
vailing wind was generally from south or west. Therefore, the emissions 
from residential heating and business developments from urban area of 
Champaign city (1 km southwest of the sampling site) are also expected. 

Fig. 1 shows schematics indicating sequence of solvent extraction 
steps and modes of the chemical analysis employed for each of the 
fractionated samples. Five punches (1” diameter) of quartz filters with 
ambient PM2.5 samples were extracted into 10 mL of hexane (HEX), 
dichloromethane (DCM) and deionized water (DI; Milli-Q; resistivity =
18.2 MΩ/cm) stepwise, in the sequence of increasing polarity. After the 
final step of extraction, the DI extracts were fractionated using solid 
phase extraction (SPE) on C18 cartridges to separate hydrophobic WSOC 
from inorganic ions (effluent). The DI extracts were acidified prior SPE 
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using hydrochloric acid (HCI) until the solution reached pH = 2 to 
promote retention of acidic OA in C18 cartridges. The retained fraction 
on C18 cartridge was eluted with 10 mL acetonitrile (ACN). Afterwards, 
organic solvent (i.e., HEX, DCM and ACN) extracts were evaporated 
down to a volume of 100 μL, separately, under a very light stream of 
ultra-pure nitrogen gas, and the residuals were reconstituted into 5 mL 
DI for the DTT assay. In order to increase the miscibility, 100 μL dime
thylsulfoxide (DMSO) was added into HEX and DCM extracts prior to 
reconstitution. Blank filters were extracted following the same proced
ure described above to eliminate the interference of background. 

2.2. DTT assay 

The fractions extracted in organic solvents and reconstituted in DI 
were analyzed for DTT activity using an automated DTT system (Yu 
et al., 2018). Briefly, a mixture containing 3.5 mL sample extraction, 1 
mL of 0.5 mM potassium phosphate buffer (K-PB, pH = 7.4, pretreated 
with Chelex column to remove the trace metals), and 0.5 mL of 1 mM 
DTT were added into the reaction vial kept in a thermomixer (550 rpm 
and 37 ◦C). At fixed reaction time points of 3, 15, 27, 39, and 51 min, we 
withdrew 100 μL aliquots of the reaction mixture and mixed them with 
500 μL of 200 μM 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB), which 
reacts with DTT and produces a yellow-colored complex 2-nitro-5-thio
benzoic acid (TNB). After further dilution of the mixture with DI, the 
absorbance of the TNB complex is measured at its characteristic 412 nm 
wavelength by a liquid waveguide capillary cell (LWCC; World Precision 
Instruments; Sarasota, FL) coupled with an online flame miniature 
spectrophotometer (Ocean Optics; Dunedin, FL, US) and an ultra
violet–visible–near-infrared (UV–vis–NIR) light source. The consump
tion rate of DTT (i.e. DTT activity, μM/min) was determined as the slope 
of the linear regression of DTT concentration versus reaction time. To 
ensure the stability of DTT assay, we used 0.25 μM phenan
threnequinone (PQ) as the positive control. The tests of positive control 
were conducted every 10 samples, and the blank-corrected DTT activity 
of 0.25 μM PQ was 2.0 ± 0.05 μM min−1, indicating a strong robustness 
of the DTT assay protocol. 

2.3. HPLC-PDA-HRMS analysis 

Chemical speciation of organic constituents of ambient PM2.5 sam
ples extracted in to ACN (polarity index 0.58), DCM (polarity index 

0.31) and HEX (polarity index 0.1) extracts were analyzed using HPLC- 
PDA-HRMS platform assisted with either dopant-assisted atmospheric 
pressure photoionization (APPI) or electrospray ionization (ESI) sources 
operated in positive and negative modes, as illustrated in Fig. 1. 
Application of complementary ESI and APPI sources and data acquisi
tion in both polarity modes are essential for comprehensive analysis of 
complex OA mixtures. The details of instruments and measurement 
procedures are published elsewhere (Lin et al., 2018). Briefly, the sep
aration was performed on a reversed-phase column (Luna C18, 2 × 150 
mm2, 5 μm particles, 100 Å pores, Phenomenex, Inc.). The binary mobile 
phases included: (A) water with 0.1% v/v formic acid (LC/MS grade, 
Fisher chemical) and (B) ultrapure grade acetonitrile with 0.1% v/v 
formic acid (LC/MS grade, Fisher chemical). A stepwise gradient elution 
was performed at a flow rate of 200 μL/min: 0–5 min hold at 90% A, 
5–85 min linear gradient to 10% A, 85−86min linear gradient to 0% A, 
86–94 min hold at 0% A, 94–95 min linear gradient to 90% A and then 
95–120 min hold at 90% A to recondition the column for the next 
sample. UV–vis absorption spectra were measured using the PDA de
tector over the wavelength range of 200–680 nm. 

Considering that there were predominantly polar and non-polar 
compounds in ACN and HEX fractions, respectively, ESI was used to 
analyze ACN fractions and APPI was used to analyze HEX fractions. Both 
ESI and APPI were used to analyze DCM fractions that contain moder
ately polar OA. The ESI settings used were a spray voltage of 3.5 kV in 
both positive and negative ion modes, 250 ◦C capillary temperature, 35 
units of sheath gas flow, 10 units of auxiliary gas flow, and 1 units of 
sweep gas flow. The APPI settings used were a spray voltage of 5 kV in 
both positive and negative ion mode, 225 ◦C capillary temperature, 
400 ◦C vaporizer temperature, 35 units of sheath gas flow, 10 units of 
auxiliary gas flow, and 0 units of sweep gas flow. A mixture of 3-(trifl
uoromethyl) anisole (TFMA) and chlorobenzene (1:99 v/v) was used as 
the dopant in APPI to promote proton transfer and charge exchange 
reactions. The dopant was injected by a syringe pump at a flow rate of 20 
μL/min and was mixed with the mobile phase after exiting the column 
and before entering the ion source using a tee adaptor. HRMS spectra 
were acquired for a mass range 80–1200 Da, at mass resolving power of 
240,000 at m/z 200. 

2.4. Data analysis 

The HPLC-PDA-HRMS data were acquired and processed by Xcalibur 

Fig. 1. Sequential steps of ambient PM2.5 extraction into solvents with increasing polarity (PHEX = 0.1, PDCM = 0.31, PACN = 0.58, Pwater = 1.0) and modes of the 
chemical analysis employed for each of the fractionated samples. Detailed inventory of all analyzed samples is included in Table S1. 
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(Thermo Scientific) software and peak detection in LC-MS data were 
performed using an open source software toolbox, MZmine 2 (http: 
//mzmine.github.io/). Pluskal et al. (2010) detected peaks in our sam
ples were not considered if the same peaks were detected in blanks and 
their intensity ratios (peak height in samples/peak height in blanks) 
were less than 10. Molecular formulas were assigned using MIDAS 
molecular formula calculator (http://magnet.fsu.edu/~midas/down 
load.html) which employs valence rules. Formula assignments were 
assisted with the Kendrick mass defect grouping of MS features using a 
suite of Microsoft Excel macros developed in our group (Lin et al., 2018). 
Assignments were restricted by ±2 ppm mass accuracy filter and by the 
following constraints of elemental composition: C ≤ 100, H ≤ 200, N ≤
3, O ≤ 50, S ≤ 1, and Na ≤ 1 (positive mode only). ESI (+) assignments 
assumed [M+H]+ and [M+Na]+ ions; APPI (+) assumed [M+H]+ and 
M•+ ions; ESI (−) and APPI (−) assumed [M-H]- ions. Based on these 
restrictions, >70% of the considered peaks were assigned with 
elemental formulas in each of the samples. Neutral formulas corre
sponding to ions detected in positive and negative modes were calcu
lated, respectively. Double-bond equivalent (DBE) for the neutral 
formulas were calculated according to equation: DBE = c − h/2 + n/2 +
1, where c, h, and n are referred to the number of carbon, hydrogen, and 
nitrogen atoms in the neutral formula (McLafferty and Tureček, 1993). 

3. Results and discussion 

3.1. DTT activity 

Fig. 2A shows DTT activity measured in each of the solvent extracted 
sample fractions. DTT activity in ACN fractions was significantly higher 
than that of DCM and HEX fractions in all of the PM samples. Sample 4 
shows the highest DTT activity in both DCM and ACN fractions. DTT 
activities of other HEX and DCM extracts were only slightly above the 
blank levels (0.76 ± 0.06 μM min−1). Thus, we conclude that WSOC and 
moderately-polar organic constituents have a larger influence on ROS 
generation than non-polar organics extracted into HEX, which was 
consistent with previous findings. For instance, Verma et al. (2015b) 
observed that the methanol extracted OA possessed most of the DTT 
activity (>70%), followed by DCM fraction (median = 9%), while the 
HEX fraction had the least activity (<5%). Similarly, Li et al. (2000) also 
found polar compounds eluted with 1:1 DCM: methanol mixture (v/v) in 
DCM extracted diesel exhaust particles induce the highest heme 
oxygenase-1 (HO-1) expression, possessing an excellent correlation with 
DTT activity in RAW264.7 cells. Overall, these results indicate that polar 
to moderately polar OA play an important role in ROS generation. 

3.2. Chemical characterization 

Fig. 2B shows the number of individual chemical species identified in 

each of the analyzed solvent-extracted samples. Number of the detected 
species in DCM and ACN fractions was significantly higher than that in 
HEX fraction, particularly in sample 4. More compounds were detected 
in sample 4 than in samples 3 and 5. This suggest that WSOC contains 
more compounds that are either redox active or promote ROS genera
tion, which is consistent with previous literature reports (Lin and Yu, 
2011; Verma et al., 2012; Cao et al., 2021) Examples of compounds 
detected in explicitly in the ACN extracts of WSOC include: C7H8O3 (RT 
= 9.4 min), C9H6O3 (RT = 21.6 min), C8H12O6 (RT = 9.3 min), 
C12H21NO3 (RT = 37.8 min) and C8H16O6 (RT = 5.7 min). C7H8O3 could 
be salicylic acid, which is a known plant defense regulator (Csiszár et al., 
2018). C9H6O3 could be the umbelliferon, a phenolic compound, and 
therefore is a potential antioxidant (Vandana et al., 2014). C8H12O6 
could be 3-O-ethylascorbic acid, a radical scavenger (Tai et al., 2014). 
C12H21NO3 could be fuchsisenecionine, which is an alkaloid that can 
participate in oxidation-reduction reactions (Leonard and Manske, 
1960). Compounds detected in all 3 samples in different fractions were 
collectively assessed. The identified formulas in each fraction were 
further classified into five major compound categories based on their 
elemental composition: CH, CHO, CHN, CHON, CHOS and CHONS. 
Accordingly, CHON refers to the compounds that contain carbon, 
hydrogen, oxygen, and nitrogen elements. Other compound categories 
are defined analogously. The sulfur (S)-containing compounds were 
found as both CHOS (11.1% of S compounds detected in all 3 fractions) 
and CHONS (88.9% of S compounds detected in all 3 fractions) 
composition. Fig. 3 displays summary of the identified species in ACN 
and DCM fractions based on the HR-MS peak assignments, combining 
experimental results obtained in all (±)APPI and (±)ESI modes (sum
mary of all identified chemical components is included in the SI file 
HRMS data.xlsx). HEX fraction is not shown in Fig. 3 due to very few 
detected species. For DCM and ACN fractions, CHO was the most 
abundant category observed by both APPI and ESI, followed by CHON 
and CHN. (+)ESI detects an overwhelmingly large number of com
pounds compared with other ionization modes. 

Fig. 4 shows a plot of DBE versus Carbon number, which is used to 
identify potential ROS-active BrC species that contain extensive network 
of π-bonds and are mapped by the blue shaded area (Daher et al., 2014). 
This area includes: N-containing aromatic N-heterocyclic compounds, 
C12H13N and C11H11N and other N- and O-containing aromatic com
pounds that are tentatively assigned as either oxygenated PAHs, car
boxylic acid containing aromatics or phenolics containing aliphatic 
chains, C7H8O4, C7H8O3, C8H6O2, C8H10O, C9H10O2, C9H6O3, C10H6O2, 
C10H8O2, C11H12O, C11H4O, C12H6O2, C12H14O4, C15H10O6, C9H9NO4, 
C10H9NO4, C10H13NO3, C9H5NO5, C20H24N2O5, and C10H7NO3. Based on 
retention times and DBE, the compounds with the formula C11H11N and 
C12H13N were tentatively identified as quinolines (Xia et al., 2016), 
discussed in the next section. Similarly, C9H9NO4, C10H8O2, C10H9NO4 
and C15H10O6 detected in this area were tentatively identified as 

Fig. 2. A) Results of DTT activity (μM/min) after blank correction; B) Number of individual chemical species identified in each of the samples and their fractions. 
Samples 1 and 2 were field blank filters. 
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oxygenated PAHs. Similar N-containing aromatic species are commonly 
reported in the biomass burning organic aerosols (BBOA) (Laskin et al., 
2009), which is plausibly related to the rural residential heating in the 
area of our study Previous studies showed that PAHs often strongly 
correlate with DTT activity, but PAHs are not redox active (Cho et al., 
2005a; Shirmohammadi et al., 2017; Jin et al., 2019; Saffari et al., 
2014). It is therefore believed that their correlation with DTT loss is due 
to a correlation between PAHs and quinones, as quinones can derive 
from oxidation of PAHs (Cho et al., 2005b). Accordingly, C10H6O2 and 
C10H8O2 were likely quinones. Some aromatic compounds that contain 
aliphatic chains with carboxylic groups were detected in our samples, 
those include C9H6O3, C9H9NO4, C10H13NO3, C9H5NO5, C10H9NO4 and 
C20H24N2O5. We also found aromatic compounds that contain aliphatic 
chains with phenol terminal groups, including C8H10O, C10H7NO3 and 
C15H10O6 (Krivacsy et al., 2000; Kiss et al., 2002). Overall these results 
indicate that WSOC components have significant influence on ROS 
generation. 

3.3. Identification of C11H11N 

C11H11N (m/z = 158.0965) was found across all DTT-active fractions 
(i.e. 3 ACN fractions and sample 4 DCM fraction). Because it was 
detected in positive ionization mode and its DBE was 7, we inferred that 
it might be a N-heterocyclic compound. Considering that it is also 
detected in the potential aromatic region (Fig. 4), it is likely an N-con
taining heterocyclic compound with two fused aromatic rings. Structure 
of this C11H11N compound is identified as an isomer of dimethylqui
noline based on HPLC-PDA-ESI(+)-HRMS (Pope et al., 1995b) analysis 
of available dimethylquinoline (DMQ) commercial standards (2,6-DMQ, 
98% pure, Sigma-Aldrich; 2,8-DMQ,B; 95% pure, Sigma-Aldrich; 3, 
4-DMQ, ≤100% pure, Sigma-Aldrich) and C11H11N species found in 
the DTT active fractions. Fig. 5 shows comparison of the MS (Pope et al., 
1995b) fragmentation spectra of three DMQ standards and the C11H11N 
experimental analyte. For each of the species, MS (Pope et al., 1995b) 
spectra were acquired and averaged during their respective elution time 
windows. All four spectra show remarkable similarity in the fragmen
tation patterns of analytes, indicating closely related DMQ molecular 
structures. However, exact elution time of C11H11N detected in the 
sample was different from the standards (Fig. S2), suggesting an addi
tional isomer with alternatively arranged methyl groups, for which 
commercial standard was not found. Hereafter, we call experimental 
C11H11N species as DMQ*, whereas an asterisk symbol indicates that 
exact location of its two methyl groups is unknown. Assumption of the 
DMQ* isomer (rather than other molecular structures) is further sup
ported by similarity of the UV–vis spectra (Fig. S3; common 300–320 nm 
absorption band). Based on the DMQ* assignment and assuming the 2, 
8-DMQ intensity vs mass calibration values, we estimate the concen
tration of DMQ* in the ACN fraction of sample 3 at the level of 1.7 μg/L 
and thereby the estimated ambient concentration of DMQ* in PM2.5 is 
~0.057 ng/m3 (Appendix A, SI file). 

3.4. Catalytic role of DMQ 

It has been reported that redox-active HULIS components of WSOC 
promote ROS generation, where HULIS serve as electron carriers (Lin 
and Yu, 2011). Reaction Scheme 1 summarizes the mechanism of 
DMQ*-promoted ROS generation adopted from Dou et al. (2015), 
illustrated together with the concomitant DTT assay reaction chemistry. 
Notably, Dou et al. reported that nitrogen-containing organic bases, 
such as pyridine, imidazole and their alkyl derivatives, show no DTT 
activity on their own, but they catalytically promote ROS generation in 
the presence of HULIS (Dou et al., 2015). Their catalytic activity is 
attributed to unprotonated N atoms acting as an H-bonding acceptors 
that therefore facilitate proton/electron transfer of redox active com
pounds such as quinone (Dou et al., 2015). DMQ* is an N-containing 

Fig. 3. Histogram of number of elemental formulas detected in each of the listed chemical classes identified in DCM and ACN fractions of sample 3, 4 and 5 in ESI and 
APPI modes. 

Fig. 4. Plot of the double bond equivalent (DBE) vs number of carbon atoms in 
assigned species. Black lines indicate DBE reference values of linear conjugated 
polyenes CxHx+2, characterized by DBE = 0.5 × C (dotted line), cata-condensed 
PAHs with DBE = 0.75 × C - 0.5 (intermittent line), and fullerene-like hydro
carbons with DBE = 0.9 × C (solid line). Data points inside the blue shaded area 
are potentially ROS-active aromatic species. (For interpretation of the refer
ences to color in this figure legend, the reader is referred to the Web version of 
this article.) 

W. Zhang et al.                                                                                                                                                                                                                                  



Atmospheric Environment 291 (2022) 119406

6

aromatic heterocyclic compound, thus it is expected to promote the ROS 
generation by facilitating proton/electron transfer of redox active 
compounds similar to the previously studied single-ring pyridine and 
imidazole (Dou et al., 2015). 

In our study, C11H11N (DMQ*) was identified as a common feature 
across all DTT active fractions. This compound belongs to the class of 
alkaloids, similar to pyridine, imidazole and their alkyl derivatives, and 
it is likely a product of biofuel burning (Laskin et al., 2009). Commonly 
for the alkaloids detection (Lin et al., 2012), DMQ* was observed under 
positive electrospray ionization mode in the HULIS fraction of ambient 
samples. More importantly, it contains an unprotonated N atom. Based 
on the above similarities, we infer that DMQ* could promote ROS gen
eration in the presence of HULIS similar to pyridine (Dou et al., 2015), 
imidazole (Dou et al., 2015), imidazole-2-carboxaldehyde, and 
1N-glyoxal-substituted imidazole (Sedehi et al., 2013; Haan et al., 2009, 
2011). 

Moreover, Dou et al. (2015) found that the ROS activity of HULIS 
enhanced by nitrogen-containing bases was increased with their 
increased levels in the DTT assay solutions. To confirm that DMQ could 
enhance catalytic effect of redox-active compounds in ROS generation, 
we spiked the DTT solution with 2,8-DMQ at different concentrations 
(2–300 ppb). Due to limited mass loadings on the filters, we could not 
conduct the interaction experiments for each sample at all tested con
centrations of 2,8-DMQ. Specifically, the HULIS fractions extracted from 
samples 3, 4 and 5 was used to study the interactions at higher con
centrations of 2,8-DMQ (i.e., 20–300 ppb), while samples 6, 7, 8 and 9 
were used to test the interactions at lower concentrations (i.e., 2–10 ppb 
of 2,8-DMQ). 

Overall, 2,8-DMQ itself did not show any DTT activity compared to 

the blanks (Fig. S4), which is consistent with earlier report of Dou et al. 
(2015) However, significant interactions were observed between HULIS 
and 2,8-DMQ, at different concentrations. Fig. 6 shows the interaction 
factor (IF) of HULIS fractions from DCM and ACN extractions with 
different concentrations of 2,8-DMQ. Since the DTT activity of 2,8-DMQ 
was equal to the blank level at all concentrations, IF is defined as the 
ratio of the DTT activity of sample spiked with 2,8-DMQ over the DTT 
activity of the unspiked sample (Yu et al., 2018). IF > 1 indicates an 
enhancement effect of 2,8-DMQ to the DTT activity of the spiked PM2.5 
extract. None of the HEX fractions spiked with 2,8-DMQ show a clear 
trend of DTT activity even with the substantial increase of 2,8-DMQ 
concentration up to 300 ppb (Fig. S5). In contrast, ACN and DCM frac
tions showed substantially higher DTT activity when spiked with 2–10 
ppb of 2,8-DMQ. Strong synergistic interaction between DCM extracts 
and 2,8-DMQ is observed (IF = 1.2–4), while the interaction between 
ACN extracts and 2,8-DMQ is generally additive (IF = 0.8–1.2). On 
further increasing the concentration of 2,8-DMQ (i.e., 200–300 ppb), we 
clearly observed a substantial increase in IFs for DCM extracts (IF =

3.0–4.8). ACN fraction in sample 5 showed the strongest synergistic 
interaction with 2,8-DMQ (concentration range: 20–100 ppb) in DTT 
activity among all fractions (IF up to 10). Although these results do not 
indicate a linear trend of DTT activity with the increase of DMQ con
centration, an increase of DTT activity was observed in most samples 
and fractions upon spiking with 2,8-DMQ, including those that initially 
(or originally) did not show any DTT activity. Thus, these results indi
cate that 2,8-DMQ enhances the catalytic effect of redox-active com
pounds in ROS generation. 

3.5. Environmental implications 

Our results indicate that N-containing heterocyclic compounds 

Fig. 5. The MS (Pope et al., 1995b) spectra of m/z 158 [C11H11N + H]+ cor
responding to standards of A) 2,6-dimethylquinoline, B) 2,8-dimethylquinoline, 
C) 3,4-dimethylquinoline compared to C) the same m/z 158 species detected in 
the DTT active fractions (ACN fraction of sample 1 is shown here). Dashed lines 
indicate 6 common abundant fragment ions and the parent ion detected in all 
four MS (Pope et al., 1995b) spectra. 

Reaction Scheme 1. Conceptual diagram of HULIS-catalyzed ROS production 
and concomitant consumption of DTT, with DMQ* (dimethyl quinoline com
pounds, illustrated as an 2,8-DMQ isomer) facilitating the oxidation of HULIS 
through H-bonding (highlighted by the orange shaded area) adopted from by 
Dou et al. (2015) 
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enhance ROS generation by OA components. Presuming ROS as a health- 
relevant metric, it implies that the ambient samples containing both N- 
containing aromatic heterocycles and redox-active WSOC compounds 
will exert a greater impact on human health than redox active organic 
compounds alone (Dou et al., 2015). Similarly, compounds containing 
H-bond acceptors, such as N-containing heterocycles that are 
non-aromatic, alkyl amines, dioxane, pyran, and thiols, might exert the 
same effect as N-containing aromatic heterocycles, which has not been 
investigated yet. Therefore, to fully evaluate the ROS activity of PM, it is 
necessary to identify the other H-bond acceptors in PM and determining 
their role in ROS generation. Previous studies have detected quinolines, 
and pyridines in atmospheric samples. Cooked meat and tobacco smoke 
are the major sources of heterocyclic aromatic amines with multiple 
rings and N-heteroatoms (Guy et al., 2000). N-containing aromatic 
heterocycles were also detected in tobacco smoke and in fossil fuel 
combustion emissions (Chen and Preston, 1998). Crop residue burning, 
a very common and widespread type of open burning in Southeast Asia, 
especially in China and India, is reported as the major source of 
N-containing heterocycles (Laskin et al., 2009; Claeys et al., 2012; Ma 
and Hays, 2008; Samy et al., 2013). Moreover, ROS generation by PM 
could also be enhanced by histidine residues containing N-bases in 
human bodies (Dou et al., 2015). A comprehensive understanding of the 
relationships between PM constituents and related ROS activity could 
help to inform public health managements and mitigation policies 
related to the PM pollution. Admittedly, the small sample size and the 
limited filter sections available for this study did not allow us to conduct 
repeated measurements for different experimental conditions. These 
limits of our study restrict broader interpretation of the observed results 
and their environmental implications for assessing more complex in
teractions among PM components emitted from diverse sources. 
Therefore, more systematic studies with larger sample size are needed to 
evaluate the levels of N-heterocyclic constituents in ambient samples as 
well as pinpoint their roles on the health effects of PM. 
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