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HIGHLIGHTS

e Anisole has high and varying SOA yields
against OH.e-NO, and NOse reaction
pathways and aging degrees.

e Anisole  photooxidation = produces
highly-oxygenated and low-volatility
compounds resulting from ring-opening
reactions.

e Fresher photochemically-generated ani-
sole SOA are more light absorbing and
have higher OP, organoperoxide con-
tent, and reactivity towards NOg.e.

e High NO, levels lower the OP and
organoperoxides composition of anisole
SOA in photooxidation.

e Nighttime NOg.e aging modifies the

properties and toxicity of
photochemically-generated anisole
SOA.
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ABSTRACT

Anisole (methoxybenzene) represents an important marker compound of lignin pyrolysis and a starting material
for many chemical products. In this study, secondary organic aerosols (SOA) formed by anisole via various at-
mospheric processes, including homogeneous photooxidation with varying levels of OHe and NO, and subse-
quent heterogeneous NOse dark reactions, were investigated. The yields of anisole SOA, particle-bound
organoperoxides, particle-induced oxidative potential (OP), and cytotoxicity were characterized in view of the
atmospheric fate of the anisole precursor. Anisole SOA yields ranged between 0.12 and 0.35, depending on the
reaction pathways and aging degrees. Chemical analysis of the SOA suggests that cleavage of the benzene ring is
the main reaction channel in the photooxidation of anisole to produce low-volatility, highly oxygenated small
molecules.

Fresh anisole SOA from OHe photooxidation are more light-absorbing and have higher OP and organoperoxide
content. The high correlation between SOA OP and organoperoxide content decreases exponentially with the
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degree of OHe aging. However, the contribution of organoperoxides to OP is minor (<4%), suggesting that other,
non-peroxide oxidizers play a central role in anisole SOA OP. The particle-induced OP and particulate organo-
peroxides yield both reach a maximum value after ~2 days’ of photooxidation, implicating the potential long
impact of anisole during atmospheric transport. NOy-involved photooxidation and nighttime NOse reactions
facilitate organic nitrate formation and enhance particle light absorption. High NO, levels suppress anisole SOA
formation and organoperoxides yield in photooxidation, with decreased aerosol OP and cellular oxidative stress.
In contrast, nighttime aging significantly increases the SOA toxicity and reactive oxygen species (ROS) gener-
ation in lung cells. These dynamic properties and the toxicity of anisole SOA advocate consideration of the
complicated and consecutive aging processes in depicting the fate of VOCs and assessing the related effects in the

atmosphere.

1. Introduction

Lignin pyrolysis during wood burning generates high concentrations
of volatile organic compounds (VOCs) in smoke plumes. These com-
pounds can affect atmospheric chemistry and human health regionally
and globally (Chen et al., 2017; Hatch et al., 2015; Xu et al., 2020).
Anisole (CyHgO, methoxybenzene, MB) is one of the main phenolic
ethers released into the atmosphere by biomass burning, and its emis-
sion is comparable to those of polyaromatic hydrocarbons (PAHs) (Gil-
man et al., 2015; Hatch et al., 2015; Sekimoto and Koss, 2021; Sun et al.,
2016). In light of the large amount and increasing trend of domestic
biofuel use and vegetation fires (200 TgC yr~1), emissions of anisole and
its derivatives have become substantially significant (Akinrinola et al.,
2014; Hatch et al., 2015; Li et al., 2017). In addition to biomass burning
emissions, anisole is also emitted by microorganisms, insects, and the
pharmaceutical and other industries, such as MB-based essences and
detergents for indoor environments and fumigants for postharvest pest
control in fields and silos (Betancourt et al., 2013; Fischer et al., 2000;
Schuchardt and Kruse, 2009; Toloza et al., 2006; Yang and Liu, 2021).
Anisole is an important starting material for many volatile chemical
products (VCPs) and intermediate compounds in organic synthesis,
cosmetics, and pharmaceuticals (Arivazhagan et al., 2013; Fiege et al.,
20005 Seitz and Ram, 2000; SriBala et al., 2019). Additionally, anisole
has been considered a surrogate for lignocellulosic pyrolysis biofuel and
a promising bio-blend stock because of its flammability, high energy
density, eco-friendliness, and sustainability (Wagnon et al., 2018, 2017;
Wojcieszyk et al., 2021; Wu et al., 2017). All these factors indicate the
growing importance of anisole pollution. However, anisole has largely
been overlooked in atmospheric and air quality research.

The main atmospheric sinks of phenolic VOCs are reactions with
oxidants, including ozonolysis, daytime photooxidation by OHe, usually
influenced by NO, in polluted environments and biomass burning
plumes, and nighttime reactions with NOge (Atkinson and Arey, 2003;
Ziemann and Atkinson, 2012). Due to strong activation by the ~OCHjs
group, anisole can undergo rapid electrophilic addition and aromatic
substitution reactions with OHe and NO3e (Coeur-Tourneur et al., 2010;
Lauraguais et al., 2016). Experimental and theoretical studies have
determined reaction rate constants for anisole with OHe (2.86 x 10~ 1!
cm?® molecules™! s’l), 03 (2.64 x 102! cm® molecules ! s’l), and NOge
(9.45 x 107 cm® molecules™! s™1) (Coeur-Tourneur et al., 2010;
Lauraguais et al.,, 2016; Sun et al., 2016). These rate constants are
comparable with phenol, methyl-phenols, and methoxy-phenols, but
higher than those for other single-ring aromatic hydrocarbons, such as
benzene, toluene, and xylene (Coeur-Tourneur et al., 2010; Lauraguais
et al., 2016). Recent studies have highlighted the SOA yield and the
formation of light-absorbing and redox-active products from
anisole-related VOCs during atmospheric transport (Laskin et al., 2015;
Liu et al., 2015; Tuet et al., 2017). For example, families of benzene and
phenol species generate substantial brown carbon (BrC) aerosols via
photooxidation in the presence or absence of NO, and from nighttime
NOgse reactions in the atmosphere (Lin et al., 2015; Mayorga et al.,
2021). The SOA generated from these reactions can induce adverse
health effects upon inhalation, causing inflammation, oxidative stress,
and genotoxicity (Chowdhury et al., 2019; Jiang et al., 2016; Tuet et al.,

2017). Oxidative potential (OP), which weighs the capability of particles
to generate reactive oxygen species (ROS), is thought to be a reliable
indicator of intrinsic particle toxicity (Bates et al., 2019; Zhang et al.,
2022). The relatively high OP of SOA generated from benzene-family
precursors has been emphasized (Jiang et al., 2016, 2017). However,
the OP and cytotoxicity of SOA from phenolic compound precursors
were seldomly characterized (Li et al., 2022). In addition, NO, in
polluted air can significantly modify atmospheric reactions and the
composition of SOA. Yet, there are limited studies investigating the ef-
fect of NO, levels on SOA toxicity, and no consensus on the impact has
been drawn (Chowdhury et al., 2019; Tuet et al., 2017). Moreover,
different chemical results for SOA from photooxidation and nighttime
evolution have been reported, highlighting the importance of the diel
process rather than aging by just a single pathway in describing SOA
properties (Li et al., 2020). The roles of nighttime NOgze aging and diel
processes in modifying aerosol toxicity have not been investigated.
These hinder our understanding of the dynamic transformations and
impacts of these SOA during their atmospheric transport.

In short, anisole is a model pyrolysis pollutant and proxy of phenolic
VOCs, but the atmospheric transformation of anisole and associated
health effects were not studied. To fill the gap, this study employs a
tandem-flow reactor system to simulate diel atmospheric aging of ani-
sole, including daytime photooxidation in the presence of varying NO,
levels and subsequent nighttime NOse reactions. The generated SOA
were comprehensively characterized to determine the SOA yield,
composition, OP, and cytotoxicity regarding diverse aging degrees and
pathways. Moreover, potential health impacts induced by anisole SOA
were estimated given these simulated atmospheric cycles.

2. Experiments and methods
2.1. SOA generation

The experimental setting for the generation, collection, and charac-
terization of anisole SOA are shown in Fig. S1In short, a tandem-flow
reactor system containing a potential aerosol mass oxidative flow
reactor (PAM-OFR) and a custom-designed aerosol flow tube reactor
(AFR) were employed. The PAM-OFR provides an OHe-induced photo-
oxidation environment, where OHe radicals are generated via external
O3 photolysis and subsequent reaction with water. The AFR sustains
dark reactions with O3 and NOgze(He et al., 2021; Li et al., 2019b, 2020).
About 250 ppbv anisole was introduced into PAM-OFR via gentle Ny
purging liquid precursor (99%, Sigma-Aldrich) immersed in a cold
ethanol bath. Details are given in Text S1.

A series of experiments were conducted to probe the effects of
various reaction pathways and oxidation degree on anisole SOA for-
mation. These experiments include a. PAM-OFR based anisole photo-
oxidation under a wide range of OHe exposures (OHeyp, (0.1-1.9) x 102
molecules cm’3), that is 1-14 equivalent ambient photochemical
oxidation days (EAD hereafter), assuming a daily average OHe con-
centration of 1.5 x 10° molecules cm™3 (Mao et al., 2009). b. NOy--
associated 2.0 EAD under various RO2e+NO/RO2e+HOqe ratios in the
range of 0-1.7, simulating SOA generation under varying photochemical
pollution conditions. c. Further 1.0, 2.0, 5.0 EAD aging of anisole SOA
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via NOge reactions that mimic nighttime processes. The experimental
parameters are summarized in Table 1. Each experiment was repeated at
least twice, and the averaged results are discussed.

The PAM-OFR operation parameters, such as OHe,, and RO2e+NO/
RO2e+HOoe, were determined using the latest Aerodyne OFR exposure
estimator (edition V3.1). High purity N2oO (99.999%) was added to
initiate photochemical aging under varying NOy levels after OH,,, and
UV light photon flux were pre-estimated by measuring the decay of co-
injected SO, (Thermo SO, analyzer, Model 43i). For dark heterogeneous
aging, NOge was generated by mixing O3 and NO under dry conditions.
O3 and NOge exposures for anisole SOA were estimated using a chemical
box model (Text S1, Tables S1-S2, and Figs. S2-54). The results suggest
that the AFR experiments simulated NOze exposure of anisole SOA to
approximately 1.0 x 10'% molecules cm™3 s, equaling 5.7 h of typical
nocturnal aging, assuming an outdoor NOze concentration of 5.0 x 108
molecules cm 3 (~20 pptv) (Brown and Stutz, 2012). The SOA produced
by 1-5 EAD underwent similar degrees of NOge and O3 exposure in the
AFR (Table 1).

2.2. SOA concentration and density

A series of Os-scrubbers, diffusion dryers, and charcoal denuders for
the removal of ozone, moisture, and other gaseous pollutants were
installed downstream of both the PAM-OFR and the AFR. The generated
particles were size-scanned by an SMPS (classifier model 3080, DMA
model 3081, CPC model 3775low, TSI) and density-characterized using
an aerodynamic aerosol classifier (AAC, Cambustion, U.K.) coupled to
another SMPS. Monodispersed particles selected by the AAC were
further measured for their mobility distribution by the SMPS. The

Table 1
Experiment and setup parameters.
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particles’ effective density was derived from the ratios of their aero-
dynamic and mobility sizes, assuming sphericity. Wall losses of the
particles in the dual-flow reactor system were corrected, the details are
provided in Text S1. Based on the particle size distribution and density,
the SOA mass concentrations were calculated considering particle wall
loss.

2.3. Total particulate peroxide and oxidative potential measurement

Anisole SOA generated from each run were collected onto PTFE fil-
ters (0.2 pm porosity, Omnipore) and processed immediately for offline
analysis. Filters were vortex-shaking extracted twice in a total of 5 mL
methanol (99.9%, Sigma-Aldrich). The extracts were filtered through
PTFE membrane syringe filters (0.2 pm porosity, Millipore) and then
pre-concentrated to 2.0 mL using a gentle flow of No.

0.5 mL of the concentrated extract was withdrawn for measuring
total particulate peroxide content (TPP, sum of HoO3 and organic per-
oxides) using the iodometric-spectrophotometric method of Wang et al.
(2021, 2018). Detailed method description and calibration curves are
given in Text S2 and Fig. S5, respectively. In addition, the peroxide
extraction efficiency was assessed (Text S2), and an average recovery
rate of 94.8 + 2.2% was used to calibrate all extracts.

The total OP was assessed with the acellular dithiothreitol (DTT)
assay adapted from Lin and Yu (2019). Specifically, 0.5 mL of the
concentrated methanol extract was blown dry under a gentle Ny flow
and reconstituted in 0.5 mL MiliQ water; then incubated with DTT (0.1
mM) in phosphate buffer solution (PBS, 0.1 M, pH 7.4, treated Chelex
100 Sodium form resin) openly at 37 °C. The pseudo-first-order DTT
depletion rate was tracked spectrophotometrically (see details in Text

Experiment SOA PAM-OFRgs4 Aerosol flow reactor
(EAD) OHyp 03 N,O RH Photon RT  RO,+NO/  NOgexp [oN NO RH RT
(molecules (ppm) flux (s) RO,+HO, (molecules (ppm) (ppm) (s)
cm 3 s) (photon cm 3 5)
cm ’1)
OH* 1.0 1.3 x 10! 44.6 - 38.5 55x 10 189 - - <5 0 <0.5% -
photochemical + 0.2 + ppb
aging 0.3%
2.0% 2.6 x 10! 44.6 - 38.5 1.5x 10" 189 - - <5 0 <0.5% -
+ 0.2 + ppb
0.3%
5.1 6.6 x 10! 44.6 - 38.5 5.4 x 10 189 - - <5 0 <0.5% -
+ 0.2 + ppb
0.3%
10.2 1.3 x 10'2 44.6 - 38.5 1.3x10"% 189 - - <5 0 <0.5% -
+0.2 + ppb
0.3%
14.4 1.9 x 10'2 44.6 - 38.5 2.0 x 10 189 - - <5 0 <0.5% -
+0.2 + ppb
0.3%
NO,-involved 2.2 (low- 2.9 x 10M 45.3 0.5 39.3 1.1 x 10" 189 0.01 - <5 0 <0.5% -
photooxidation NO,) + 0.2 vol + ppb
% 0.2%
2.2 2.9 x 10M 45.3 2.0 39.3 45x 10" 189 017 - <5 0 <0.5% -
(medium- +0.2 vol + ppb
NO,) % 0.2%
2.1 (high- 2.7 x 10! 45.3 4.0 39.3 1.9 x 10 189  1.68 - <5 0 <0.5% -
NO,)* +0.2 vol + ppb
% 0.2%
NO3 dominated- 1.0 1.3 x 10! 44.8 - 38.9 55x 10 189 - 1.03 x 103 10.5 6.3+ <0.5% 227
heterogeneous +0.3 + +0.2 0.1
reaction 0.2%
2.1% 2.7 x 101 44.8 - 38.9 1.5 x 10 189 - 1.01 x 103 10.5 6.3+ <0.5% 227
+0.3 + +02 0.1
0.2%
5.2 6.7 x 101! 44.8 - 38.9 5.4 x 10 189 - 1.01 x 103 10.5 6.3+ <0.5% 227
+0.3 + +02 0.1
0.2%

Note: * samples for ESI-HRMS analysis.
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S3). After blank correction, the rate normalized by SOA mass concen-
tration in the extract yields a value of OPSZT (pmol min~! pg™1). In all
experiments, less than 25% of DTT was consumed during incubation.

The OP for operational blank and for 1,4-naphthoquinone (1,4-NQ,
97%, Sigma-Aldrich) and standard peroxides as positive controls were
measured frequently to ensure the reliability and consistency of the DTT
assay (Text S3, Fig. S6). The measured OP for 1,4-NQ is 3.8 nmol min~!
ug~l, comparable to literature values (Jiang et al., 2017; Lin and Yu,
2019). Standard peroxides have an average OP of 3.14 pmol min~!
nmol L. The results are consistent with data from J iang et al. (2017) and
Wang et al. (2018), considering the method differences in the DTT assay
(Lin and Yu, 2019).

The light absorption of anisole SOA extracts in methanol was also
measured at a wavelength range of 250-550 nm. The solution
absorbance-based mass absorption cross section (MAC, m? g’l) and
imaginary part of the refractive index were calculated.

2.4. Chemical characterization

HR-Tof-AMS operating alternatively in V and W mode was used to
monitor the bulk aerosol compositions in terms of organic fragments
(CxHy, CxHyO™, CH, 05, CxHyOiNy, and NOY, where x,y,z,p > 1,i > 0)
and elemental ratios (O/C, H/C, and N/C) (Canagaratna et al., 2015).

Additionally, anisole SOA generated from 2.0 EAD under i) pristine
OHe oxidation, ii) high level NO,-involved OHe oxidation, and iii)
nighttime NO3e-aging were collected for offline molecular analysis. A
high-performance liquid chromatography (HPLC) column interfaced
with a photodiode array (PDA) detector and with a high-resolution mass
spectrometer (HRMS) equipped with an electrospray ionization source
operated in negative mode (ESI(—)) was used to separate the compo-
nents by polarity and characterize the eluted molecules. The HPLC-PDA-
HRMS procedures follow Misovich et al. (2021) and the MS data pro-
cessing method refers to Roach et al. (2011). More detailed information
of HRMS analysis and data processing can be found in Text S4-S5. In this
study, only results derived from the whole spectra over the entire
retention time of HPLC-ESI(—)-HRMS analysis were discussed.

2.5. Cytotoxicity of anisole SOA

Four kinds of anisole SOA, generated from 2.0 EAD under i), ii), iii)
conditions and 10.0 EAD (iv), were collected for cytotoxicity tests.
Following the methanol extraction, the final SOA were reconstituted
into DI water. A549 (ATCC® CCL-185™ cell line) human lung epithelial
cells were exposed to 150 and 300 mg L~! extracts for 5 h. As a control,
operational-blank extracts were used. The DNA-intercalating dye pro-
pidium iodide (PI) was used to assess cell viability. Cellular ROS were
measured using 2',7'-dichlorodihydrofluorescein diacetate (HoDCFDA,
Thermo Fisher Scientific) probe. The assays were performed using flow
cytometry (Amnis® CellStream® Flow Cytometer, Luminex, US).
Detailed information and statistical analysis are provided in Text S6.

3. Results and discussion
3.1. SOA yield

SOA yield is an important parameter in evaluating the atmospheric
implication of VOCs. Unlike traditional anthropogenic species, SOA
yields and oxidation mechanisms for anisole and many analog oxygen-
ated chemical products are rarely investigated (Humes et al., 2022). In
this study, no particle formation was measured from the homogeneous
ozonolysis or NOge oxidation of gas-phase anisole, due to low reactivity
and the high volatility of the products (Lauraguais et al., 2016; Sun et al.,
2016). In contrast, OHe photooxidation of anisole generated particles
with dehydrated densities of 1.3-1.4 g cm . According to the AMS
results, all the particles generated were organic. As shown in Figs. S3A-C

Chemosphere 308 (2022) 136421

and Fig. 1A, the mean sizes and average densities of anisole SOA steadily
increased upon prolonged photochemical aging and subsequent NOge
reactions, demonstrating that both extended photooxidation and
nighttime aging facilitate particle growth and enlarge particle density.

Although the VOC was not directly monitored, the reacted anisole
concentrations in the PAM-OFR were estimated based on the known
OH.,, and OHe-reaction kinetics (see the detailed method in Text S1).
Employing particle density, wall-loss corrected SOA, and reacted anisole
concentrations, the SOA yields were estimated. It is noteworthy that
these SOA yields can be underestimated compared to the actual atmo-
spheric processes. The short residence time in the PAM-OFR may limit
gas-particle partition, and the high oxidant concentration may lead to
SOA fragmentation (Bruns et al., 2015; Lambe et al., 2011). Despite the
inherent technical limitations, the calculated yields still provide insights
into SOA formation ability by anisole under diverse aging conditions.

As presented in Fig. 1B and Table 2, the anisole SOA yield as a
function of OH,,, reached a maximum of 0.34 at about 5.0 EAD, in
agreement with SOA yields from numerous biogenic and anthropogenic
VOCs (Lambe et al., 2012; Liu et al., 2019; Zhao et al., 2021). It is
suggested that functionalization and gas-phase condensation lead to an
initial increase in SOA yield with photooxidation. In contrast, further
heterogenous OHe reactions lead to fragmentation of highly-oxygenated
products, resulting in SOA loss.

Generally, NO, alters both ROze and OHe balance and modifies re-
action channels through NO,/HOye chemistry, thereby impacting SOA
yields (Humes et al., 2022). Here, the OHe concentration (or OHy,) was
roughly maintained to isolate the effect of NO, on SOA generation. It
was found that anisole SOA generation was promoted by low NO, levels
but inhibited at higher NO, levels. These findings agree with previous
reports of SOA yield reduction with increasing RO2e+NO reactions for
small molecular precursors (e.g., benzene, toluene, and monoterpenes),
as NO, interferes with autooxidation pathways, forms higher volatility
products, and suppresses new particle formation and growth (Borras and
Tortajada-Genaro, 2012; Liu et al., 2019; Qi et al., 2020; Sarrafzadeh
et al., 2016; Zhao et al., 2018).

Nighttime NOse reactions insignificantly (p < 0.05) increased the
mass of daytime-generated anisole SOA, especially for the less
photochemically-aged SOA. It is noted that the yield enhancements
resulted from dark reactions between particles and NOge, as the charcoal
denuders removed gaseous anisole photochemical products. Neverthe-
less, the general mass increase demonstrates that functionalization
occurred in anisole SOA, with a more significant mass addition for
fresher SOA, indicating that fresher SOA has a higher reactivity towards
NOgO.

3.2. Bulk SOA composition

According to the bulk aerosol chemical features presented in Fig. 2
and Fig. S7, photochemically-generated anisole SOA are highly
oxygenated even at 1.0 EAD. The mass spectra resemble features of more
oxidized oxygenated organic aerosol (MO-OOA) and methoxyphenol
SOA (Chhabra et al., 2011; Li et al., 2014). In Fig. 2A, the higher H/C
(>1.34) and O/C (>0.98) ratios of anisole SOA compared with its pre-
cursor (CyHgO) demonstrate hydrogen and oxygen additions to the
particle-phase products. From Fig. 2A-B, extending OHe oxidation
steadily increased the O/C ratio and f44 (carboxyl fragment fraction). In
contrast, the H/C ratio decreased, thus increasing the carbon oxidation
state (OS¢ =2 x O/C-H/C) progressively from 0.51 to 1.31 after about
equivalent two weeks of ambient photochemical oxidation. The
carbonyl fragment composition (f43) first increased slightly, then
gradually decreased after 2.0 EAD. The highest f43 and corresponding
f44 are 2.0% and 17.6%, respectively. These changes indicate the gen-
eration of carboxyl products, while the minor carbonyl products are
more favored at lower OH,y,. The changes in characteristic CiHy frag-
ments, e.g., GCoH3, C4H3, CsHZ, CgHi, etc., indicate possible
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Fig. 1. Anisole SOA average density (A) and yield (B) for various reaction pathways and aging degrees. Pristine OHe oxidation is denoted by the solid gray circles,
NO,-involved photochemical reactions are displayed in the inserted graph by open red triangles, and NOse heterogeneous aging is marked by the red-diamonds. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Summarized results for anisole SOA.
Experiment Anisole SOA Density (g SOA yield MAC (m?® OP2IT (pmol min ! Total Peroxides (nmol
(EAD) em™®) g pghH pg™H
OH® photochemical aging 1.0 1.32 £ 0.01 0.119 + 0.20 + 0.06 64.3 £ 5.1 0.73 + 0.06
0.007
2.0 1.33 £0.01 0.297 £ 0.15 + 0.04 56.2 + 2.4 0.32 + 0.04
0.024
5.1 1.35 £ 0.01 0.342 £ 0.11 £+ 0.03 39.2+71 0.26 + 0.05
0.034
10.2 1.36 + 0.02 0.277 £ 0.07 £ 0.04 30.8 £ 2.9 0.26 = 0.05
0.031
14.4 1.36 £ 0.01 0.128 + 0.05 £+ 0.01 2224+ 4.7 0.22 + 0.06
0.014
NO,-involved photooxidation 2.2 (low-NO,) 1.35 £ 0.01 0.327 £ 0.27 £+ 0.04 44.6 + 3.4 0.19 + 0.04
0.034
2.2 (medium-NO,) 1.36 £ 0.01 0.311 + 0.33 £+ 0.05 41.3 + 4.1 0.15 £+ 0.04
0.035
2.1 (high-NO,) 1.36 + 0.01 0.273 £ 0.52 £+ 0.05 355+1.9 0.10 £ 0.02
0.039
NO3 dominated-heterogeneous 1.0 1.35 £ 0.01 0.131 + 0.28 + 0.05 73.9 + 4.6 0.90 + 0.09
reaction 0.010
2.1 1.37 £ 0.01 0.305 + 0.22 £+ 0.04 59.4 + 4.4 0.36 + 0.07
0.028
5.2 1.36 £+ 0.01 0.349 + 0.14 £ 0.03 40.5 + 3.7 0.28 + 0.06
0.035

Note: mean =+ standard deviation; MAC is wavelength (300-400 nm) weighted average mass absorption cross-section.

benzene-ring retention by reactions. As shown in Fig. S8, the summed
aromatic hydrocarbon fractions (fa;) contributed less than 3.5 wt% in all
anisole SOA. They diminished gradually with OHe oxidation, indicating
that ring-cleavage and benzene-ring functionalization constitute an
important reaction pathway in the photochemical transformations of
anisole.

As shown in Fig. 2G, photooxidation in the presence of NO, produced
nitrogen-containing fragments (CxHyOiN;) in anisole SOA. The higher
characteristic NO"/NO3 ratio (~8.8 > 2.1 for standard ammonium ni-
trate particles) suggests organonitrate or/and nitroaromatic generation
in anisole SOA under all NO, regimes (Li et al., 2019a, 2019b). With
identical OH,yp, increasing the weight of RO2e--NO reaction pathway
leads to higher nitrogen content and OS¢, accompanied by noticeable
f44 increase and minor f43 decrease in anisole SOA (Fig. 2C-D). The
elevated NOy levels suppressed both particulate carboxy- and carbonyl
production and the overall SOA yield.

Typically, NO3e oxidation enhanced the OS¢ and increased f44 and
organic nitrate content in the aged anisole SOA (Fig. 2E-G). Yet, the

different NO"/NO3 ratios (4.0 on average) indicate different nitrate
speciation between nighttime aging and photochemistry in a polluted
environment. In addition, upon identical NO3e exposure, more pro-
nounced chemical changes were observed for fresher photochemically-
generated SOA, further confirming that fresh photochemically-
generated anisole SOA is more reactive towards NOse. Kroll et al.
(2009) reported that SOA mass following different levels of heteroge-
neous oxidation is governed by varying weights of functionalization
(polar, oxygen-containing functional group addition) and fragmentation
(C-C bond cleavage). By combining the SOA yields and AMS results
(Fig. S7), the elemental composition of NOze-aged anisole SOA were
quantitatively analyzed. The mass increase for 1.0 EAD anisole SOA is
attributed to mostly oxygen and less nitrogen addition while maintain-
ing a constant carbon content. For 2.0 and 5.0 EAD SOA, evident carbon
loss was observed following nighttime aging, while the overall insig-
nificant mass change was due to a balance of functionalization and
fragmentation. These results are consistent with Kroll et al. (2009) and
also indicate that fragmentation of highly oxidized SOA occurs in diel
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Fig. 2. AMS-based chemical evolution for anisole SOA through diverse atmospheric reactions. (A)-(B) The elemental ratio and specific fragment changes as a
function of OH,yp,. The black star symbol in the inserted graph in Figure A indicates the elemental characteristics of the anisole precursor. The dashed triangular
region represents the ambient oxygenated organic aerosol (OOA), less-oxidized OOA (LO-OOA), and more-oxidized OOA (MO-OOA), mainly found in the lower and
upper parts of the triangular region. (C)-(D) NO,-associated photooxidation of anisole. (E)-(F) Heterogeneous reactions between photochemically-generated anisole
SOA and NOse under dark. (G) Overall fragment fractions and NO™/NOj3 ratios (blue cross) for various anisole SOA. The red star on the right axis denotes NO*/NO3
ratio of 2.1 for standard dehydrated ammonium nitrate particles. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
\‘/ersion of this article.)

reaction pathways, for example, when switching from OHe photo- reactions increase the O/C ratio and OS; of SOA. More abundant
chemical aging to nighttime reactions with NOge. nitrogen-containing species (CHON) were identified in ii and iii samples
(Fig. S9), indicating more nitrogen-containing products in high-NO,
photochemistry and NOgse reactions with anisole SOA. To infer the
molecular characteristics of anisole SOA, intensity-weighted average
molecular formulas were calculated. Because the ESI(—)-HRMS has
varying sensitivity to CHO and CHON species, the intensity-weighted
average molecular formulas of CHO and CHON species were calcu-
lated separately. The ensemble average molecular formula of each SOA
The characteristics of the assigned neutral molecular species based on was estimated using the AMS-derived N/C ratios (Text S5, Table S3).
th<? detected depro.tona.ted ions are summarized in Fig. 3. Qverall, t.he Average molecular formulas of C5.99H5.0206.08N0.02,
anisole SOA contains highly-oxygenated low molecular weight species Cs.77Hy.7606.16No 18, and Cs.g1Hy.7406.0No 12 were calculated for SOA
With. rel.at.ively low volatility. As shown in Fig. 3A-C, the major ideflti' corresponding to i, ii, and iii experiments, respectively. The general low
fied individual compounds have an O/C ratio of 0.5-1.5. Their intensity- carbon (~6) and high oxygen values (>6) suggest extensive cleavage of
weighted average O/C values are 1.06 (i), 1.12 (i), and 1.09 (iii). The O/ benzene rings and abstraction of methoxy groups in SOA formation
C values align with the AMS results, demonstrating that NO, and NOse

3.3. Molecular characterization of SOA

The ESI(—)-HRMS spectra acquired from samples i (pristine OHe
photooxidation), ii (high-level NO,-involved photooxidation) and iii
(NO3ze-dominated heterogeneous oxidation) are displayed in Fig. S9.
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Fig. 3. (A)-(C) Van Krevelen plot of elemental ratios, (D)-(F) plot of double bond equivalent values (DBE = C+ 1 — H/2+ N/2) vs. carbon and nitrogen numbers,
(G)-(I) the molecular corridor of saturation mass concentration (Cp) in a logarithmic scale vs. molar mass of anisole SOA produced by various reaction pathways,
including equivalent ambient two days’ OHe photooxidation in the absence of NO,, in the presence of high-level NO, (4 vol% N»0), and followed by dark NOze
radical heterogeneous reactions. Intensity-weighted average elemental ratios are marked as red circles in panels A-C. Three referential lines in panels D-F, from
bottom to top, represent linear polyenes CiHy, 5, cata-condensed PAHs, and fullerene-like hydrocarbons, respectively (Lin et al., 2018). The light-yellow shaded
region constrains potential BrC chromophores. The lines in panels G-I indicate reference values for linear alkanes C,Hs, 2 (upper with O/C = 0) and sugar alcohols
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cubic root of the MS signal intensity. Intensity-weighted average molecular weight and corresponded volatility are marked as red circles in panels G-1. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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reactions. These observations are consistent with the AMS data showing individual organic compounds quantified in terms of their saturation
very low intensities of aromatic hydrocarbon fragments in anisole SOA mass concentrations (Co, 1g m_3) (Lietal., 2016). Fig. 3G-I presents the
(Fig. S8). The slight decrease in C and H and the increase in N averaged volatility of SOA components on a logarithmic scale (logCop) as a function
values in the ii and iii samples (compared to i) further support frag- of molecular weight. Remarkably, the components of all anisole SOA
mentation, hydrogen-abstraction, and nitrogen addition. Less significant samples span a broad range of intermediate (Cy < 3 x 10° pg m~>) to
formula differences between samples i and iii indicate that NOge extremely low (Co < 3 x 107° pg m~3) volatilities, while the most
nighttime reactions are only modestly important for 2.0 EAD SOA, while prominent species are semi-volatile (0.3 < Gy < 300 pg m~>).
NO,-involved photochemical reactions modify the composition of ani- Intensity-weighted average Cy was calculated to be 105, 59, and 100 pg
sole SOA more substantially. m’3, corresponding to anisole SOA from i, ii, and iii conditions,

Information on the molecular structures of anisole SOA is further respectively. Photooxidation under high NO, and nighttime NOge re-
inferred from Fig. 3D-F, which depicts the DBE (double bond equiva- actions resulted in SOA with somewhat lower volatility, originating
lent) versus the number of C + N atoms corresponding to the identified from more oxygenated products, as well as lower volatility nitro- and
species. The three reference lines indicate the limits of linear polyenes nitrate-organic products (Li et al., 2016).

CxHx+2 (DBE = 0.5 x C), cata-condensed PAHs (DBE =0.75 x C— 0.5),
and fullerene-like hydrocarbons (DBE = 0.9 x C) (Cain et al., 2014; Lin
et al., 2018). Since light absorption requires an extended network of
double bonds, SOA components with DBE/C ratios above the linear
polyenes line may be potential BrC chromophores (Lin et al., 2018). Due

3.4. Particulate peroxides and oxidative potential

Total particulate peroxides (TPP) content and oxidative potential

to the relatively short carbon skeleton of the identified SOA species, (OPgg) for anisole SOA following atmospheric aging processes were

modest BrC absorption by anisole SOA can be expected. Additionally, quantified. As shown in Fig. 4A and B, a similar decreasing trend was

the NO,-involved (ii) and the NOse dominated (iii) aging pathways may observed for both TPP and OPgJ} with prolonged OHe photooxidation,

increase BrC absorption, as indicated by a larger amount of SOA prod- and the robust exponential correlations were fitted:

ucts falling into the potential BrC chromophore region for those samples. OH.

These observations are verified by anisole SOA absorption. See optical TPP=0.25+ 3‘053XP< - TX‘TO“) (€]

results in Fig. S10 and calculated MAC in Table 2. OHe photooxidation '

of anisole can be a source of very weakly-absorbing BrC (Hettiyadura OH,,

et al, 2021). Extensive OHe aging decreased the absorption P S = 17.6 + 52.36exp< - fo()“) @)

(“bleached”) of anisole SOA, while both NO, and NOse reactions

enhanced light absorption of generated SOA. Notably, peroxides are photolabile under short wavelength UV light
Volatility is important for determining organic compounds’ gas- (Zawadowicz et al., 2020). Hence, TPP generation can be under-

particle partitioning during atmospheric transport. The “molecular estimated in a PAM-OFR equipped with 254 nm lamps. The fresh anisole

-1 .
corridor” approach is commonly used to estimate the volatility of SOA of 1.0 EAD has TPP of 0.73 nmol pg™" (14.6 wt% assuming an
average organoperoxide molecular weight of 200 m/z), it decreased
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Fig. 4. Total particulate peroxide composition (A) and OPZ}T (B) for anisole SOA following different atmospheric aging processes. Particulate peroxide yield (C) and
(D) particle-induced oxidative potential efficiency (OPYIL) of anisole following atmospheric transformations.
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sharply and leveled off after 2.0 EAD. Overall, the anisole SOA TPP
contents are lower than those measured in biogenic SOA formed by
photochemical processes (Chowdhury et al., 2019; Zhang et al., 2022).
This suggests that the peroxide generation depends mainly on the VOC
precursors, and anisole, like other phenolic and aromatic compounds (e.
g., naphthalene, toluene, etc.), does not generate particulate peroxides
efficiently (Sato et al., 2012; Wang et al., 2018).

Fresh anisole SOA has a OPRIL of 64.3 pmol min~! pg~!, which is
comparable to OP of smoke particles and other anthropogenic SOA
(Jiang et al., 2020, 2017; Ma et al., 2021; Wang et al., 2018), but higher
than the OP of biogenic SOA, such as isoprene and monoterpene-related
SOA (Tuet et al., 2017). The decrease of anisole OP5!T indicates the loss
of redox-active composition as photooxidation progressed. Similar
trends were observed for various anthropogenic and biogenic OA as
their OP decreased after daytime photooxidation, attributed to the
decomposition of organoperoxides, quinones, and electron-deficient
alkenes that act as DTT consumers (Jiang et al., 2017; Jiang and Jang,
2018). These redox-active species can be photochemical products from
numerous VOC precursors and are also susceptible to irradiation and
reactions with OHe (Jiang et al., 2017; Jiang and Jang, 2018). These
trends are also verified by the dominating ring-cleavage reactions and
the measured decay of fa, (Fig. S8) and peroxides by photooxidation of
anisole.

The dependence of peroxide formation on NO, concentration has
been confirmed by Mertes et al. (2012) and Tuet et al. (2017). In this
study, increasing NO, levels under identical OH,y, suppressed TPP
generation. Mertes et al. (2012) described similar observations for
a-pinene SOA, where the measured peroxide composition decreased
with photochemical oxidation and NO, concentration. ROge-+HO rep-
resents the major peroxide formation pathway. Thus, with increasing
NO, concentration, additional competitive RO2e-+NO reactions reduce
the peroxide generation. Anisole OP2JT also decreased significantly with
increasing NOy levels. Specifically, under high NO, conditions (4 vol%
N,O addition), the initial OP2IT decreased by about 37% to 35.5 pmol
min~! pg~!. The NOy effect on SOA OP depends mainly on the pre-
cursors and atmospheric aging. For example, Jiang et al. (2017)
observed a sharp decrease of isoprene SOA OP with increasing NO,
concentration, while the OP values of toluene, 1,3,5-trimethylbenzene,
and a-pinene SOA were more sensitive to the degree of photochemical
aging than to NO, levels. Nighttime NOgze exposure resulted in signifi-
cant TPP addition and OP enhancement to fresh anisole SOA of 1.0 EAD,
likely due to the higher reactivity of fresh SOA to NOge.

Multiplying by SOA yield, TPP generation efficiency and total
particle-induced OP (OPEJIT) in the atmospheric transformation of
anisole is proposed for the first time. In Fig. 4C, the TPP yield (0.096
nmol pg~! gaseous anisole) via OHe photooxidation peaked at 2.0 EAD.
Afterward, it gradually decreased. NO, addition induces competing re-
actions between ROe+NO and ROze+HO5e. In addition, the increased
UV intensity needed to maintain consistent OHe concentrations in the
PAM-OFR can decompose the peroxides synergistically. Altogether, the
TPP yield decreased at higher NO, levels. An enhanced TPP yield
following nighttime NOgze exposure was measured, especially for 1.0
EAD SOA.

In Fig. 4D, the OPEDIT of anisole SOA also peaked at 2.0 EAD, sug-
gesting that 2 days of photooxidation in the atmosphere of anisole may
pose the most severe oxidative hazard to human health. However, ani-
sole OPEDTL in photooxidation is suppressed by NO, demonstrating that
atmospheric transformation/degradation of anisole in a polluted envi-
ronment contributes less particulate oxidative hazard than that in a
clean environment, because of the suppressed SOA yield and lowered
OPLIT. Following daytime photooxidation, nighttime NOse aging in
polluted environments may amplify the oxidative capacity of anisole
SOA, especially when relatively fresh.

Based on the measured standard peroxide OP of 3.13 pmol min
nmol !, the isolated contribution of anisole TPP to the measured OP2LT

Chemosphere 308 (2022) 136421

was tentatively estimated. As displayed in Fig. S11, TPP contributed less
than 4% of OPSXT for all samples, suggesting the substantial roles of non-
peroxide redox-active species, such as quinones, electron-deficient al-
kenes, or/and other unidentified compounds. Similar results are found
for photochemically-generated anthropogenic SOA; e.g., naphthalene
SOA has a high OP2IT (100-129 pmol min~! pg™1) with a derived
peroxide contribution of less than 5% (Kautzman et al., 2010; Tuet et al.,
2017; Wang et al., 2018), see literature comparison in Fig. 5. The
V-shape of TPP contribution in anisole OPZL} with OHey, (Fig. S11) also
appeared for toluene SOA photooxidation under low-NO, conditions
and partly for wood smoke aging (Jiang and Jang, 2018), probably
arising from different kinetics of peroxides and other redox-active
compounds in reaction with OHe. NOge heterogeneous reactions in-
crease the peroxide contributions to anisole SOA OP, while NO, in
daytime photochemistry has the opposite effect.

3.5. Anisole SOA cytotoxicity

Dose-dependent cell viability is observed when A549 cells were
exposed to all types of anisole SOA, particularly for NO, involved (ii) and
NOge reacted (iii) SOA (Fig. 6A). Out of all anisole SOA studied, 2.0 EAD
SOA after nighttime aging induced the highest cell damage (approxi-
mately 20% of dead/damaged cells). The cytotoxicity, after exposure to
300 mg L ! SOA, follows the order: NOse aged 2.0 EAD SOA > high-NO,
2.0 EAD SOA >2.0 EAD SOA >10.0 EAD (iii > ii > i > iv). For low dosage
exposure of 150 mg L™}, there are no significant differences (p < 0.05) in
cell death induced by SOA apart from nighttime aged SOA (iii > i > iv >
ii). This trend indicates that nighttime NOse aging can significantly
enhance the cytotoxicity of photochemically-generated SOA (p < 0.05),
and that SOA generated in a polluted photochemical environment with a
high NO, level may be more toxic than SOA produced in a clean envi-
ronment upon high exposure. Overall, NO, has no statistically signifi-
cant influence on SOA cytotoxicity, in agreement with previous studies
on hydrocarbon precursors derived from SOA (Chowdhury et al., 2019).
In contrast to hydrocarbon VOCs, such as naphthalene and a-pinene,
where the aged SOA is more toxic than fresh SOA (Chowdhury et al.,
2019; Zhang et al., 2022), extensive OHe photooxidation (10.0 vs. 2.0
EAD) did not lead to a significant change in cytotoxicity of anisole SOA.

In Fig. 6B, exposure to anisole SOA, except for the high-NO, involved
2.0 EAD SOA, increased intracellular ROS (mainly H505) significantly
(p < 0.05), but without a clear dose-response in ROS generation. The cell
death results are consistent with the observed OP2IT trends and partic-
ulate peroxide content (Fig. 4); nighttime NOge-processed SOA induced
the strongest oxidative stress and the highest ROS contents in exposed
cells. At the same time, exposure of high-NO, involved SOA had the
lowest ROS generation in lung cells. This highlights that both reaction
pathways and the environmental pollutants can control SOA toxicity and
demonstrates that cellular oxidative stress is an important mechanism of
anisole SOA cytotoxicity, which agrees with findings for other SOA and
biomass burning related aerosols (Chowdhury et al., 2019; Pardo et al.,
2021, 2020). Similar to the cell death results, extensive photooxidation
did not increase the oxidative stress of anisole SOA significantly, similar
to ROS generation after exposure of the cells to fresh and aged SOA (2.0
vs. 10.0 EAD).

4. Conclusions and implications

This is the first comprehensive study on the atmospheric trans-
formations of anisole (methoxybenzene, typical biomass pyrolysis VOC
and proxy for VCPs) and the associated health effects following complex
aging channels. We found that anisole may be an appreciable contrib-
utor to urban SOA, and its SOA yields rely on both reaction pathways
and oxidation degree. Furthermore, consecutive diel aging and ambient
pollution levels significantly modify SOA compositions and properties.

Homogeneous OHe photooxidation generates anisole SOA more
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Fig. 5. Referential comparation of anisole OP2}Y with
various particles from specific sources and environ-

100 ments (Bates et al., 2019; Bates et al., 2019; Fang

et al.,, 2021; Jiang et al., 2016; Jiang et al., 2016;
Kautzman et al., 2010; Li et al., 2014; Mertes et al.,
2012; Tuet et al., 2017; Verma et al., 2015; Yang and
Liu, 2021; Zhang et al.,, 2022; Zhu et al., 2020).
Values of peroxide contribution to particle oxidative
activity were derived from the relevant references
(Kautzman et al., 2010; Mertes et al., 2012; Ma et al.,
2021; Sato et al., 2012, Sun et al., 2016), assuming an
average molecular weight of m/z-200 and an OP of
3.13 pmol min~! pg~? for organic peroxide.
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efficiently than O3 or nighttime NOgse reactions. The SOA yield
(0.12-0.34) against pure OHe photooxidation varies with equivalent
ambient aging time and is maximal after about 5 days in the clean air.
Unlike typical biogenic and anthropogenic hydrocarbons (Chhabra
Sato et al, 2012; Tong et al, 2019),
photochemically-generated anisole SOA consists of highly-oxygenated
products with small molecular weight and low volatility that form via
benzene-ring cleavage OHe reactions. Together with other phenols,
methoxyphenols, and their derivatives (Chhabra et al., 2011; Yu et al.,
2014), anisole is a precursor of highly oxygenated SOA in the urban
environment and in biomass burning plumes, which can lead to reduced
air quality and adverse health effects, considering the crucial role of
highly oxygenated organic molecules in the air (Roldin et al., 2019;

Fresher anisole SOA are more absorbing and contain more organo-
peroxides and other redox-active entities to induce higher oxidative
potential (OPSI1). For example, anisole SOA generated from approxi-
mately 1.0 day of ambient photooxidation are very weakly-absorbing
brown carbon aerosol (VW-BrC), which consist of 0.73 nmol organo-
peroxides pg ™" aerosol (14.6 wt%) with OPZZT of 64.3 pmol min~" pg™!,
demonstrating that it can readily produce redox-active compounds and
BrC shortly after anisole has been released in the atmosphere. Extensive
OHe aging or longer residence/transport time in the atmosphere pro-
gressively enhances the oxidation state of anisole SOA but exponentially
decreases the organoperoxide content, OP2IT, and light absorption. Yet,
fresh and aged anisole SOA maintain their high cytotoxicity and can
induce oxidative damage to lung epithelial cells.

Considering the aging time/degree dependent SOA yield, we suggest
that two days’ photooxidation of anisole produces the most particle-
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bound organoperoxides; thus, it can pose the highest oxidative hazard
(highest OP%E). With further photooxidation, the particulate organo-
peroxides and OP}JY. decrease steadily for up to two weeks of atmo-
spheric transport. The time lag between anisole emission and highest
organoperoxide yield and OPDIL implicates relatively large-scale in-
fluences of anisole pollution, primarily affecting areas downwind from
the emission source where ROS burden and particle-induced health
impact could be enhanced due to photooxidation.

In polluted environments, NO, alters anisole photochemical reaction
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pathways by varying the importance of RO5 reaction channels, modi-
fying SOA generation and properties. Briefly, high NO, levels suppress
both SOA and organoperoxides yield, decrease particle OP2IT, and
enhance particle light absorption by generating nitrogen-containing
chromophores. High NOx levels insignificantly influence anisole SOA
cytotoxicity, but the SOA formed generate less ROS in exposed lung
cells.

SOA generated during the daytime are subject to nighttime aging.
Fresher photochemically-produced anisole SOA have higher suscepti-
bility to react with NOge. Overnight NOse oxidation further increases
the organoperoxide and organic nitrate content of anisole SOA,
increasing SOA light absorption and OP5}Y. Most importantly, overnight
aging significantly enhances cytotoxicity and oxidative stress potential
of anisole SOA. In addition, the correlation between anisole OP5}1, SOA
exposure induced cellular ROS generation, and cell death rate demon-
strates that oxidative stress is a key mechanism in anisole SOA
cytotoxicity.

We know that SOA formation and evolution in the atmosphere are
influenced by many additional factors, including varying oxidation en-
vironments, dispersion, and interactions with other pollutants during
transport (Kroll and Seinfeld, 2008). By simply integrating
laboratory-derived SOA yield and SOA normalized properties, this study
provides novel insights into the dynamic products and impacts of
gaseous precursors following atmospheric aging. Overall, this study
shows that SOA formation from biomass burning VOCs increases the
potential to induce adverse health effects for exposed populations away
from the smoke origin. With the increasing frequency and intensity of
fires due to global warming, biomass burning SOA in long-range trans-
port of biomass burning smoke may be considered a health hazard in
addition to the primary smoke particles. Moreover, air pollution and the
diel-cycle-dependent anisole SOA properties call for additional in-
vestigations and considerations for depicting aerosol transformation and
effects.
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