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g modifies the redox potential
and toxicity of humic-like substances (HULIS) from
biomass burning†

Chunlin Li, ae Diego Calderon-Arrieta, b Michal Pardo, a Dongmei Cai,c

Alexander Laskin, bd Jianmin Chen c and Yinon Rudich *a

This study investigated the redox potential and toxicological changes of wood smoldering emitted HULIS

due to reactions in the atmosphere and in neutral lung fluids. Fresh HULIS aerosols exhibited substantial

oxidative potential (OP) and antioxidant capacity (AOC). Nighttime oxidation via heterogeneous O3 or

NO3c reactions impacted HULIS OP and AOC differently, with high humidity enhancing O3 uptake and

HULIS oxidation, causing a significant reduction in their redox potentials. The effective rate constants for

HULIS redox-active components (RACs) by O3 reaction increased with RH (<1.5% to 75%), with values of

(3.2–12.7)×10−18 and (1.8–9.7)×10−18 cm3 mol−1 s−1 for antioxidant moieties and oxidant components,

respectively. The corresponding rate constants for NO3c reactions were 1.2 × 10−14 and 3.9 × 10−15 cm3

mol−1 s−1. The endpoint cytotoxicity of HULIS, studied with lung epithelial cells, correlated well with the

changes in OP, suggesting OP as a good indicator of HULIS oxidative toxicity. Redox reactions of fresh

and atmospherically aged HULIS in neutral lung fluid mimics decreased their OP and AOC accompanied

by H2O2 generation. The H2O2 yields were determined by both OP and AOC of HULIS, and the addition

of lung fluid antioxidants amplified the H2O2 yield. Atmospheric aging retarded the decay of the redox

potential and abated H2O2 yield, demonstrating that the remaining RACs in aged HULIS have relatively

longer lifetimes against intrinsic reactions in the lung fluid environment. This study underscores the need

to consider atmospheric transformations and lung fluid aqueous reactions when evaluating the health

impact of HULIS and related organic aerosols.
Environmental signicance

Humic-like substances (HULIS) released from biomass burning account for a major portion of regional and global PM2.5 pollution and cause a great threat to
public health. We found that atmospheric transformation through O3 or NO3c reaction at nighttime altered the redox potential and cytotoxicity of HULIS
aerosols. Moreover, such modication by atmospheric chemistry determined the intrinsic redox-reactions and toxic results of inhaled HULIS aerosol in the lung
uids. The ndings illustrated the dynamic health effect of HULIS, and highlight the importance of considering multiphase chemistry occurring in the
atmosphere and in the respiratory system to assess the overall health effect of organic aerosols.
, Weizmann Institute of Science, 7600001,

l

y, West Lafayette 47907, USA

ngineering, Fudan University, Shanghai,

netary Sciences, Purdue University, West

ngineering, Tongji University, Shanghai

(ESI) available: Assisting details of
c aging, acellular assays, elemental
ifetime assessment of HULIS together
st in lung uid mimics are provided in
res, and 2 tables. See DOI:

the Royal Society of Chemistry
1. Introduction

Humic-like substances (HULIS) emitted by biomass burning are
ubiquitous in the atmosphere and contribute signicantly to
the global organic aerosol mass. HULIS attract attention
because of their great burden to climate and public health.1,2

Worldwide climate warming and drying increase wildre
frequency and severity, leading to high regional loading of
HULIS-containing smoke pollution originating from near and
remote res. Such high smoke episodes lead to deterioration of
air quality and exposure to hazardous materials.3 HULIS are
well-known environmental hazardous materials containing
carbonaceous chromophores and redox-active compounds
(RACs) with low hygroscopicity and polarity, such as heterocy-
clic, phenolic, and quinoid compounds.4–6 As HULIS is
Environ. Sci.: Atmos., 2023, 3, 1791–1804 | 1791
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transported in the atmosphere, its chemical complexity and
associated properties are further exacerbated.

The fate of organic aerosols in relation to climate and health
effects depends on their atmospheric transformation and
deposition within the human respiratory systems.7 The atmo-
spheric transformations primarily involve reactions with
oxidants (O3, NO3c, OHc, etc.) and photochemistry by solar
radiation, leading to multi-phase oxidation and decomposition
of aerosol constituents.8–11 Inhaled organic aerosols interact in
the lung with the lining uid through dissociation and redox
reactions, causing adverse health effects, such as inammation,
oxidative impact, genotoxicity, and cell death.12–16 Oxidative
stress, one of the most prominent mechanisms, can be induced
by the generation of cellular reactive oxygen species (ROS) and
antioxidant consumption. Oxidative potential (OP) is oen
proposed as a promising alternative indicator of aerosol
oxidative toxicity beyond the mass concentration.17,18 HULIS in
organic aerosols is a major OP contributor, which drives
oxidative stress to the respiratory system upon inhalation.19,20

Nevertheless, HULIS also possesses considerable antioxidant
capacity (AOC) that can scavenge ROS radicals and potentially
counteract oxidative damage to the human body.21,22 It has been
reported that the toxicity of humic substances in soils and
waters depends on their redox potential.23 The overall effect of
HULIS on health can result from a ne balance between ROS
production and antioxidant capacity.

Extensive research has been conducted to investigate the role
of photochemistry in modifying the toxicity of secondary
organic aerosols (SOA) from biomass burning, anthropogenic
and biogenic emissions. The cytotoxicity of numerous SOA
following photooxidation, the ROS speciation and yield from
these SOA in simulated lung uids and other liquids have been
studied. The underlying mechanisms highly depend on the
compositions and aging of SOA.14,24–29 However, there is still
ongoing discussion about the changes in SOA toxicity following
the photooxidation.30 Furthermore, while the importance of OP
and oxidative stress has been emphasized, the AOC of SOA has
been largely overlooked, potentially leading to a biased assess-
ment of the overall adverse health effects of organic aerosols
thus limiting the understanding of the associated mechanisms.
The high reactivity of HULIS in multi-phase environmental
chemistry has been highlighted.1 Yet, the modication of
HULIS intrinsic redox potential and cytotoxicity remain unclear.
Additionally, the behavior of atmospherically processed HULIS
in the lung uid environment needs to be better understood.

Compared to photooxidation, the role of O3 and NO3c reac-
tions, which govern nighttime atmospheric chemistry, in
mediating the toxicity of organic aerosol received less attention.
Heterogeneous O3 reactions are an important aging pathway of
organic aerosols throughout day and night. Humidity is an
important environmental parameter that inuences O3 oxida-
tion by modifying aerosol phase, viscosity, diffusion, and the
reactions.31–35 However, the effect of humidity on the toxicity-
related transformations of SOA has not been investigated
thoroughly, and relevant studies yielded mixed results. It has
been suggested that RH may inuence the lifetime and degra-
dation rates of the condensed-phase toxic compounds by
1792 | Environ. Sci.: Atmos., 2023, 3, 1791–1804
mediating the aerosol phase state.36–38 NO3c, which forms from
the reaction of O3 and NOx, is a more efficient oxidant than O3

and denotes anthropogenic pollution in the air.8,9 The night-
time aging pathway dominated by NO3c reactions is particularly
relevant in biomass-burning plumes.9,39 Despite the hypothesis
that the aging of organic aerosols by NO3cmay play a crucial role
in their toxicity, limited studies have explored this topic.25,40

Inspired by the above knowledge gaps, we conducted labo-
ratory experiments simulating the atmospheric heterogeneous
agings of HULIS aerosols through nighttime oxidation by NO3c

and O3 under varying RH conditions. The resulting chemical
transformations, the associated changes in particle acellular
redox potentials (AOC and OP), and cytotoxicity were examined.
The rate constants of HULIS-associated RACs for reactions with
O3 and NO3c were estimated. Moreover, the dynamic behaviors
of atmospherically processed HULIS were explored in simulated
lung uids, both in the presence and absence of antioxidants,
with respect to the intrinsic changes in the redox potential and
the generation of ROS.

2. Experimental methods
2.1 HULIS preparation and simulating atmospheric
heterogeneous aging

As described in previous studies,4 wood smoldering emissions
were collected to prepare HULIS samples. Briey, the water-soluble
fraction of the smoldering emissions was isolated via phase
separation. Aer ltration through PTFE membrane syringes (0.2
mm porosity, Whatman), the clear water solution was acidied to
pH 2.0 with HCl and subjected to solid phase-extraction (SPE)
using a hydrophobic–lipophilic balance (HLB) SPE cartridge (3
mL, bed wt. 60 mg, Supelco®). The cartridge retains HULIS, while
eluting inorganic salts and highly polar organic compounds. The
relatively hydrophobic HULIS was eluted into methanol (>99.9%,
Merck), evaporated to dryness, and stored at −20 °C for later use.
In the experiments, the dried HULIS were redissolved into deion-
ized water and nebulized to generate particles.

Heterogeneous oxidation of the dehydrated HULIS particles
was performed utilizing a dark aerosol ow tube reactor (AFR)
system, as schematically shown in Fig. S1A.† Specically, three
scenarios for nighttime aging of HULIS aerosols were simu-
lated: (a) dry ozonolysis, (b) reaction with NO3c, and (c) RH-
dependent O3 oxidation. The AFR maintained a total ow of
4.0 LPM, allowing for aerosol residence time of approximately
4.5 min. To initiate the oxidation reactions, ozone in a concen-
tration range of 5–25 ppm was initially provided by an external
ozone generator (Model 610, Jelight Inc.) and monitored using
an ozone monitor (2B Technology, model 160L) at the AFR exit.
RH in the range of 30–75% was controlled by adjusting the ow
of humidied N2 through a Naon tube. N2O5 and NO3c for
reactions with HULIS were produced by mixing NO with O3 in
a Teon tube prior to entering the AFR. O3 uptake coefficients
by the HUILIS aerosol were determined under NOx-free condi-
tions and subsequently applied to estimate the NO3c sink to
HULIS particles using a chemical box model.41,42 To be noted,
the study used high oxidant exposures to achieve equivalent
oxidation results of aerosols over the course of long-term
© 2023 The Author(s). Published by the Royal Society of Chemistry
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transport in the atmosphere.43,44 Detailed information
regarding the experimental method and results can be found in
the ESI† of Text S1 (Fig. S2, S3 and Table S1).

Following a series of denuders, the HULIS particles from the
AFR were monitored online for concentration, bulk chemical
composition, and optical properties. Meantime, HULIS parti-
cles were collected on Teon lters (0.2 mm porosity, 47 mm
diameter, Pall) for subsequent offline molecular analysis,
toxicity assessment, and associated tests.
2.2 HULIS aerosol endpoint changes

2.2.1 Measurements of optical properties. The particle size
and light wavelength-resolved extinction coefficients between
315 and 650 nm (resolution of 0.5 nm) were measured using
a broadband cavity-enhanced spectroscopy (BBCES) system.
The complex refractive index (RIs = n + ik, real part of n and
imaginary part of k correspond scattering and absorption) for
HULIS aerosols were retrieved based on Mie theory. Detailed
descriptions of the BBCES operation and Mie theory retrieval of
RIs can be found elsewhere.41,42

2.2.2 Chemical transformations. Chemical changes of the
bulk HULIS aerosols resulting from the AFR process were
monitored in real-time using a high-resolution time-of-ight
aerosol mass spectrometer (HR-Tof-AMS). Various parameters
were derived frommass spectra collected in alternatingW and V
modes, including the elemental ratios (O/C, H/C, and N/C), the
organic matter to organic carbon (OM/OC) ratio, categorized-
fragment (CxHy

+, CxHyO
+, CxHyOz

+, CxHyOiNp
+, and NOy

+, x, y,
p$ 1, z, i > 1), and specic ions (such asm/z-43 C2H3O

+ andm/z-
44 CO2

+) fractions of HULIS.
In addition, HULIS samples collected on lters were extrac-

ted using acetonitrile for offline molecular analysis using an
ultrahigh-performance liquid chromatography system (UHPLC,
VanquishTM) coupled with a photodiode array detection (PDA)
and a high-resolution orbitrap mass spectrometer Q Exactive™
(UHPLC-PDA-HRMS). Both positive and negative modes of
electrospray ionization (ESI) sources were utilized owing to its
high preference in detecting polar compounds.45 HRMS data
acquisition covered a mass range of m/z 80–440. Details of the
operation conditions and data analysis are provided in Text S2.†
Double-bond equivalent (DBE), aromaticity index (AI), and
maximum carbonyl ratio (MCR) values were calculated for the
assigned neutral parent molecules.46 These parameters provide
insights into the chemical structure of HULIS and potential
impacts on health.

2.2.3 Redox potential changes. As shown in Fig. S1B,†
aerosolized HULIS collected on lters were rst extracted into
acetonitrile via vortex-shaking. The organic solutions passed
through Teon membrane lter syringes (0.2 mm porosity,
Whatman) and were dried by a gentle ow of N2. Then, the
HULIS samples were reconstituted in a small amount of deion-
ized water to create concentrated solutions of about 300 mg OC
L−1. The total organic carbon (TOC) content in the initial solu-
tion was quantied using a TOC analyzer (TOC-VCPH, Shimadzu).
Based on the TOC results, the initial solutions were diluted with
deionized water, phosphate-buffered saline (PBS) solution, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
surrogate lung uid (SLF) at consistent HULIS concentration of
25 mg OC L−1, which is relevant to environmental exposure and
also provides a stock solution that keeps consistency among
different experiments.47 The PBS solution was treated with Che-
lex 100 sodium resin and had a pH of 7.4. The SLF solution was
prepared with additional antioxidants (200 mM L-ascorbic acid
sodium salt, 300 mM citric acid, 100 mM reduced L-glutathione,
and 100 mM uric acid sodium salt) in the PBS solution.48 The
HULIS solutions were weakly acidic with pH ranging from 3.6 to
4.2 depending on the HULIS aging pathways.

The total peroxide content and redox potential of the HULIS
diluted in water and PBS were immediately measured with
a series of spectrophotometric assays. The total peroxide in
equivalent of H2O2 (H2O2eq in nmol mg OC−1) was quantied
using KI spectroscopic method.49 In this study, the H2O2eq

represents the total ROS (O2
c−, OHc, H2O2) that can react with I−

to produce I3
−with a characteristic absorbance at 350 nm.50 The

oxidative potential (OP) of HULIS was assessed in terms of the
pseudo-rst-order DTT depletion rate (OPDTT, mM min−1).4,51

The OPDTT values were nally normalized to OC
(OPDTTOC , pmol min−1 mg OC−1) or OM concentration
(OPDTTOM , pmol min−1 mg−1). To ensure the reliability of the DTT
assay, the OPDTT for standard 1,4-naphthaquinone and H2O2 as
positive controls were frequently measured.

The total antioxidant capacity (AOC) of HULIS was quantied
using the electron-transfer based ABTS method and Folin–
Ciocalteu (FC) assay, yielding values in trolox and gallic acid
equivalency (GAE).52–54 Trolox is an analogue of Vitamin E, while
gallic acid represents a group of polyphenols. To quantify the
trolox equivalent antioxidant capacity (TEAC, nmol mg OC−1),
long-lived ABTS radical cation (ABTSc+) was generated through
overnight reaction between 2.45 mM potassium persulfate
($99%, Merck) and ABTS solution (2,2′-azino-di-(3-
ethylbenzthiazoline sulfonic acid), A3219, Sigma-Aldrich).
Before use, the light-blue ABTSc+ solution was diluted with
deionized water to an absorbance of 0.700 ± 0.020 at 734 nm.
The ABTSc+ scavenging ability by HULIS was determined by
a decrease of absorption at 734 nm in comparison with a Trolox
standard. For the quantication of gallic acid equivalency (GAE,
nmol mg OC−1), HULIS solutions were rst mixed with FC
reagent (F9252, Sigma Aldrich), then incubated at 37 °C for
30 min following the addition of 4.5 wt% Na2CO3 solution
(>99%, Merck). The GAE of HULIS was extrapolated from the
solution's specic absorbance at 750 nm using calibration
curves of gallic acid. The redox potential (OP and AOC)
measured in water and PBS was denoted by the corresponding
subscript “w” and “PBS”, such as OPDTTOC_w and
OPDTTOC_PBS. Detailed description of the redox potential quanti-
cation can be found in Text S3 and S4,† and the spectrophoto-
metric calibration curves of standards are given in Fig. S4–S6.†

2.2.4 Cytotoxicity. Alveolar epithelial cells (A549, CCL-185,
ATCC) were used to evaluate the cytotoxic changes of HULIS
following heterogeneous aging. Fresh and three types of aged
HULIS, namely, those oxidized under dry conditions and 45%RH
by 25 ppm O3, and aer reacting with NO3c, were reconstituted in
deionized water at concentrations of 200 and 300 mg OC L−1.
A549 cells were exposed to these samples for 5 h, then cell
Environ. Sci.: Atmos., 2023, 3, 1791–1804 | 1793
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viability, cellular ROS generation, and lipid peroxidation were
evaluated then, providing insights into the toxic effects of HULIS
and the underlying mechanisms.15 The results are expressed as
the means ± standard deviation (SD) of at least two experiments.
Detailed description for the cell culture, exposures, cellular
assays, and statistical analysis of the results are found in Text S5.†
The concentrations of the HULIS samples were determined in
preliminary tests to be within detection range limits for the assays
and also in consideration of acute respiratory exposure under
severe smoke pollution events next to the re sources.16,55 It is
noted that realistic exposure scenarios vary substantially, the
estimated concentration of PM2.5 that can deposit in the respi-
ratory tract lining uids can differ from several mg L−1 to
hundreds mg L−1.56 This study focuses mainly on toxicological
changes of HULIS during nighttime atmospheric aging.
2.3 Evolution of HULIS aerosol in lung uid mimics

To gain insight into the behavior of HULIS aerosols within the
respiratory system following atmospheric transformation,
25 mg OC L−1 of fresh and aged HULIS in PBS and SLF were
incubated at 37 °C in the dark for 4 hours to mimic lung uid
condition. Throughout the experiment, we assumed a constant
TOC concentration of HULIS. During the incubation period, we
monitored the redox potential (OP and AOC) of HULIS in the
PBS solutions and the production of H2O2eq in both PBS and
SLF solutions at hourly intervals. It is important to note that the
evolution of redox potential and ROS generation only reected
the intrinsic behavior of HULIS in a simplied neutral lung
uid environment.

The operational blank and background signals were sub-
tracted in all the measurements. Totally three batches of HULIS
were prepared, and each batch was used for heterogeneous
aging experiment incorporating with aerosol online character-
ization and offline analysis. Each lter sample was character-
ized in duplicate of redox potential. Molecular composition,
cytotoxicity, and lung uid evolution of the fresh and aged
HULIS were tested for at least two times. Only average results
are discussed in this study. All chemical reagents used were of
the highest available purity, and assay solutions were freshly
prepared daily during the experiments.
3. Results and discussions
3.1 Chemical changes in HULIS aer atmospheric aging

Fig. 1 shows the comprehensive chemical transformations of
HULIS aerosols resulting from reactions with varying O3 or
NO3c. The changes in elemental composition are summarized
in Table S2.† Fig. 1A and D demonstrate that increasingly dry O3

exposure led to the gradual oxidation of HULIS. Functionali-
zation and peroxide/alcohol/carboxyl generation are suggested
based on the at Van Krevelen (VK) slope and the increased
intensity of carboxyl fragments (f44). Fig. 1B and E show
signicant O3 oxidation of HULIS with increasing RH, resulting
in extensive oxygenation, hydrogen abstraction, and production
of carboxyl and carbonyl compounds. These transformations
shi HULIS from less-oxidized (LO-OOA) to more-oxidized
1794 | Environ. Sci.: Atmos., 2023, 3, 1791–1804
oxygenated organic aerosols (MO-OOA). From the O3 surface
uptake analysis of HULIS particles (Text S1, Fig. S2†), increasing
RH from 30% to 75% accelerated the O3 effective uptake coef-
cient by a factor of 2–3. Moreover, the particulate elemental
mass changes (Text S6, Fig. S7†) indicated a signicant loss of
carbon and nitrogen and increased oxygen content in HULIS
particles following RH-dependent O3 oxidation, particularly at
RH above 45%. These results are in line with previous ndings
that humidity increases the surface uptake of O3 by HULIS and
modies their chemical reactivity and reaction pathways, which
in turn promotes oxidation followed by functionalization and
fragmentation.57 The effects of aging on HULIS likely follow the
known O3 reaction mechanisms involving unsaturated carbon
double bond ozonolysis and cleavage that generate particulate
carbonyl and carboxyl functionalities and volatile species.58 The
changes in the imaginary part of the refractive indices (RI)
indicate that O3 oxidation decomposed chromophores in HULIS
(Fig. S8A†), thus reducing their light absorption. The rate of
bleaching by ozonolysis also exhibited RH dependence.

In Fig. 1C and F, approximately 5- and 20 hours equivalent
nocturnal exposure to ambient 20 ppt NO3c (Text S1†) induced
similar evolution in the elemental ratios and f43 vs. f44 to that of
O3 oxidation. Still, it generated more nitrogen-containing (Cx-
HyOiNp

+) and nitrate (NOy
+) fragments in the HULIS aerosols

(Fig. 1G). The higher characteristic fragment ratio of NO+/NO2
+

compared to that of ammonium nitrate (4.6 vs. 2.1) indicates
organic nitrate or/and nitro-component formation. Extensive
NO3c aging increased particulate CxHyOiNp

+ and NOy
+ frag-

ments from 4.0 wt% and 0.2 wt% to 7.7 wt% and 2.8 wt%,
correspondingly. Numerous studies have reported the forma-
tion of nitrophenols and organonitrates together with other
carbonyl and carboxyl functions following the rection of NO3c

with biomass burning aerosols at night.9,42 The enhanced light
absorption (Fig. S8B†) following NO3c aging suggests the
formation of secondary chromophores (probably nitro-
aromatics). In addition, minor fragmentation also occurred
aer maximal NO3c exposure, reecting carbon loss (Fig. S7†).

The molecular composition of HULIS was studied using
UHPLC-PDA-HRMS platform, which allowed the assessment of
structural characteristics of individual components, such as
Aromaticity Indices (AI), Maximum Carbonyl Ratios (MCR), and
oxidation degrees. The assigned formulae of HULIS compo-
nents were categorized based on these characteristics. Fig. 2A
and S9A† of MCR-Van Krevelen diagram illustrate the high
extent of aromaticity and unsaturation in fresh HULIS, indi-
cating their susceptibility to oxidation by atmospheric oxidants.
As shown in Fig. 2B–D, both O3 and NO3c exposure induced the
decomposition of HULIS and reshaped the distribution of their
chemical structural composition, aromaticity, and unsaturation
degree. O3 oxidation, particularly at 45% RH, modied HULIS
substantially, decreasing their ensemble molecular weight and
leading to a higher contribution of more oxidized components
with lower unsaturation degree and aromaticity. These ndings
suggest that aged HULIS likely possess lower toxicity and
weaker light absorption properties. Reaction with high levels of
NO3c produced oxidized compounds and reduced the unsatu-
ration degree of HULIS components. Compared to dry
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 HR-Tof-AMS measured chemical transformations of HULIS aerosols following dry ozonolysis (A and D), RH-dependent O3 oxidation (B
and E) and NO3c-dominated heterogeneous aging (C and F). The plots show Van Krevelen (VK) diagrams, organic elemental ratios (A–C), and
triangle plots of f43 vs. f44 (D–F). Panel G shows the ensemble-normalized fragments' compositions. A V–K plot is inserted in panel A–F. The
dashed triangle zone in panel D–F constrains ambient oxygenated organic aerosol (OOA), two specific regions classify the oxidation level of OOA
(less- andmore-oxidizedOOA, LO-OOA vs.MO-OOA). In panels A-F, the dashed arrows indicate the chemical trends with increasingO3, RH and
NO3c. NO+/NO2

+ ratios in NO3c oxidized HULIS were specifically displayed as solid blue triangle in panel G. The red star at the right-hand Y-axis
indicates NO+/NO2

+ ratio of 2.1 for NH4NO3 aerosols measured by the AMS.
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ozonolysis, NO3c aging resulted in a more signicant decrease
in HULIS constituents with higher AI (>0.7), which can be
attributed to the preferential reactions of aromatics and poly-
aromatics with NO3c. The heterogeneous aging reactions
involving dry O3 and NO3c resulted in relatively small overall
chemical bulk changes, suggesting that only surface reactions
occurred in dry HULIS particles. However, at 45% RH, O3 uptake
on the particle surface was facilitated, possibly due to faster
diffusion and the reaction of O3 within the aerosol, leading to
more pronounced chemical transformations.
3.2 HULIS redox potential changes during atmospheric
aging

The redox potential as a function of the oxidant normalized
surface uptake by HULIS particles are shown in Fig. 3. The
oxidant normalized surface uptake is dened as the total oxidant
© 2023 The Author(s). Published by the Royal Society of Chemistry
uptake divided by the particle surface area concentration and is
related to the oxidation degree of HULIS. The specic values can
be found in Table S2.† Fresh HULIS had OPDTTOC_PBS of 115.2 ± 8.6
pmol min−1 mg OC−1, with an equivalent 1,4-naphthoquinone
content of 2.2 wt%. These values fall within the range of previ-
ously reported observations.4,51,59 Notably, the GAE_PBS of 4.8
nmol mg OC−1 contributes to >40 wt% of fresh HULIS, demon-
strating its high phenolic content.21 The TEAC_PBS of 5.6 nmol mg
OC−1 provides further evidence of the substantial antioxidant
capacity of fresh HULIS. Intriguingly, our data reveal a strong
correlation between GAE and TEAC (Fig. S10†), suggesting that
phenolic electron-donating moieties act as the primary antioxi-
dants throughout the aging process of HULIS.

Ozonolysis under dry conditions progressively reduced the
HULIS AOC, with signicant reduction in OP observed at O3

beyond 15 ppm. The most extensive dry ozonolysis resulted in
a 12% reduction in HULIS OP and a 20% decrease in AOC.
Environ. Sci.: Atmos., 2023, 3, 1791–1804 | 1795
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Fig. 2 UHPLC-PDA-ESI-HRMSmeasured molecular compositions and chemical features of CHO species in fresh (A) and heterogeneously aged
(B–D) HULIS. In each panel, the positive and negative intensity corresponds to results detected from +ESI and −ESI mode, respectively. The
histograms of molecular-weight distributions are compared with fresh HULIS. The assigned formulae are classified based on their aromaticity
index value (upper panels) and structural oxidation degree (lower panels). The intensity-weighted fractions of each category are displayed by pie
charts. The size of the pie chart reflects the abundance of the total assigned CHO molecules.

Fig. 3 Evolution of HULIS oxidative potential (A–C) and antioxidant capacity in terms of TEAC (D–F) andGAE (G–I) as a function of oxidant normalized
surface uptake following heterogeneous agings, including dry ozonolysis at varying O3 concentrations (A and D), RH-dependent O3 oxidation (B and
E), and NO3c-dominated reactions (C and F). Redox potentials were compared for HULIS dissolved in deionizedwater and PBS (pH 7.4). The equivalent
1,4-naphthaquinone and gallic acid contents were calculated based on the HULIS OP and GAE results (right axil of panel A–C and G–I).

1796 | Environ. Sci.: Atmos., 2023, 3, 1791–1804 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Ozonolysis under elevated humidity levels ($30% RH) decreased
HULIS OP and AOC, suggesting that increased RH enhances O3

oxidation in parallel to the decomposition or deactivation of the
redox-active components (RACs) within HULIS. Previous studies
have investigated the decomposition of polyphenols and poly-
hydroxylated quinones through O3 exposure at the air–water
interface. The O3 attack resulted in cleavage reactions and the
generation of oxygenated low molecular weight species.60 In line
with our ndings, O3 oxidation and fragmentation of HULIS
decreased their redox potential. The AMS results also indicated
considerable carboxyl functionalization of HULIS during O3

oxidation under humid conditions. The carboxyl group acts as an
electron-accepting group and can decrease the antioxidant
capacity of phenols by withdrawing electron density from the
phenol ring.21 This observation may also explain the observed
decrease in HULIS AOC.

NO3c aging had a negligible effect on HULIS OPDTTOC , but it
signicantly decreased the OPDTTOM (Table S2†). Additionally,
NO3c reactions decreased the HULIS AOC, possibly due to the
formation of nitroaromatics. The nitro group is a strong
electron-withdrawing functionality, which can reduce the AOC
of phenols and interfere with electron transfer in oxidant
compounds, thereby decreasing their OP as well.21

In summary, the nighttime processes of heterogenous aging
by O3 or NO3c reduced HULIS AOC while exhibiting complex
effects on their OP. Although the redox potentials of HULIS in
PBS (pH ∼ 7.4) and water (pH < 4.2) showed a strong correlation,
they generally displayed higher values in neutral solutions. These
ndings agree with previous studies in which solution pH
enhanced both the OP and the electron-donating capacity (EDC)
of humic substances by modifying their chemical structures and
associated redox reactions.4,22,61 Moreover, the phenolic carboxyl
groups commonly dissociate at pH above 5. Unlike carboxyl
groups (COOH), carboxylate ions (COO−) do not possess electron-
withdrawing properties. Therefore, the deprotonation of carbox-
ylic groups enhances the AOC of phenols.21 These factors may
account for the signicant differences between TEAC_PBS and
TEAC_w, particularly for HULIS that reacted with ozone to gain
more carboxyl as indicated by the higher f44 (Fig. 1E), attributed
to the formation of carboxyl-phenolic moieties in aged HULIS.

Nighttime atmospheric aging changed the mass and redox
potential of HULIS. We therefore calculated the effective second-
order kinetics for the depletion of redox-activemoieties in HULIS
Table 1 Effective second-order depletion rate constants in reaction with
capacity and oxidative potential of HULIS (1 atm, 295 k)

Experiment condition KGAE_PBS (cm
3 mol−1 s−1)

Dry ozonolysis (3.24 � 0.37) × 10−18

30%RH O3 oxidation (4.12 � 0.93) × 10−18

45%RH O3 oxidation (7.23 � 1.49) × 10−18

75%RH O3 oxidation (1.27 � 0.24) × 10−17

RH-dependent O3 oxidation
a (2.36 + 0.80 × e−RH/27.93) × 10−18

NO3c aging (1.35 � 0.51) × 10−14

a Indicates the best exponentially and linearly regressed functions of RH
results measured in PBS were applied.

© 2023 The Author(s). Published by the Royal Society of Chemistry
aerosols due to reactions with O3 or NO3c. The rate constants are
summarized in Table 1, the detailed calculations can be found in
Text S7 (Fig. S11†). The depletion rate constants for both anti-
oxidant moieties (e.g., phenols) and oxidizing components (e.g.,
quinones) in HULIS due to O3 oxidation were similar and
increased with RH, suggesting that RH not only promoted
particle surface uptake of O3 but also accelerated the relevant
reaction rates. The calculated effective kinetics for the antioxi-
dant moieties, represented by both GAE and TEAC, ranged from
3.2 × 10−18 to 1.3 × 10−17 cm3 mol−1 s−1. These values are
comparable with those reported phenol reaction kinetics of (9.6–
63.0) × 10−18 cm3 mol−1 s−1.60,62,63 However, the average deple-
tion rate with respect to NO3c reaction was 1.2× 10−14 cm3mol−1

s−1, which is 2–3 orders of magnitude lower than the relevant
kinetics of phenols.62,63 The apparent depletion rate is expected
to be lower than those reported for intrinsic rst-step reaction
kinetics. Besides, the generated nitrophenols from NO3c reac-
tions are polyphenols that interfere with the FC and ABTS assays
(Fig. S13†). Both O3 and NO3c oxidation resulted in the decom-
position or deactivation of particulate oxidizing components that
contribute to OPDTTOC_PBS of HULIS. The rate constant for the O3

reaction increased from 1.8× 10−18 to 9.7× 10−18 cm3 mol−1 s−1

as RH increased from <1.5% to 75%. The rate constant for NO3c

reaction was 3.9 × 10−15 cm3 mol−1 s−1.
Using these kinetic values, we tentatively estimated the life-

time of HULIS RACs during nighttime atmospheric aging with
respect to varying O3 or NO3c concentrations (Text S7, Fig. S12†).
Assuming a daily average O3 concentration of 35 ppb, the half-
lifetime of HULIS antioxidants against dry ozonolysis is about
66 hours. However, humidity accelerates the O3 oxidation,
shortening the lifetime of HULIS antioxidants to less than 19
hours at 75% RH. The corresponding half-lifetime of oxidizing
components in HULIS decrease from approximate 123 to 23
hours. When aged with 20 ppt NO3c, the half-lifetimes of anti-
oxidants and oxidizing compositions were estimated to be
about 33 and 100 hours, respectively. These results suggest that
HULIS can have a profound impact on health during their long-
range transport at night, emphasizing the role of RH in medi-
ating the range of HULIS inuence.
3.3 Changes of HULIS cytotoxicity during atmospheric aging

Fig. 4 shows signicant cytotoxic effects on lung epithelial cells
(A549) aer 5 hours of exposure to fresh and atmospherically
O3 or NO3c for redox-active compounds that contribute to antioxidant

KTEAC_PBS (cm
3 mol−1 s−1) KDTT

OPOC_PBS (cm
3 mol−1 s−1)

(3.57 � 0.71) × 10−18 (1.82 � 0.55) × 10−18

(4.70 � 0.98) × 10−18 (4.84 � 1.09) × 10−18

(7.48 � 1.47) × 10−18 (6.82 � 1.50) × 10−18

(1.15 � 0.21) × 10−17 (9.69 � 1.96) × 10−18

(1.89 + 1.55 × e−RH/38.99) ×10−18 (1.64 + 0.11 × RH) × 10−18

(1.06 � 0.37) × 10−14 (3.92 � 1.18) × 10−15

-determined O3 reaction kinetics. RH in unit of %. The redox potential
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Fig. 4 Cytotoxicity of HULIS aerosols after atmospheric aging. (A) Cell viability after 5 hours' exposure with HULIS of 200 mg OC L−1. Cellular
ROS levels measured using dichlorodihydrofluorescein (DCF) (B) and dihydroethidium (DHE) (C) probes, respectively. (D) Lipid peroxidation
measured using boron-dipyrromethene (BODIPY) fluorescent probes. Bar height and error bars represent arithmetic mean ± SEM of cell death
and fluorescence normalized to operational blanks (controls, a.u.: arbitrary units), respectively. Mean with different letters are significant different
at p < 0.05 (Turkey HSD test). The black dashed line clarifies the signal changes compared to blank. Fresh HULIS (HULIS-1) and three kinds of
atmospheric processed HULIS were tested, including 25 ppm O3 oxidized samples under dry (HULIS-2) and 45%RH (HULIS-3) conditions, and
maximum NO3c oxidized samples (HULIS-4).
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aged HULIS. As shown in Fig. 4A, more than 30% cell death was
measured when exposed with 200 mg OC L−1 of fresh HULIS
compared to the blank treated cells. Exposure of the dry ozo-
nolyzed HULIS also induced higher cell death than the blank,
like the effect of fresh HULIS. In contrast, aer oxidized by O3 at
45% RH, the reacted HULIS had a similar effect as the blank
with minimal cell death. Exposure of the NO3c reacted HULIS
led to the highest cell death. The cell death trends were similar
to the cellular generation of total ROS and O2

c− and with lipid
peroxidation extent (Fig. 4B–D). Moreover, both cell death and
ROS generation reacted in a dose-dependent manner
(Fig. S14†). The correlations between cellular ROS yields, lipid
peroxidation, and cell death suggest that oxidative stress is
a primary toxicological mechanism resulting from HULIS
exposure.

The cytotoxicity of fresh and aged HULIS followed the OP
pattern, suggesting that OP is a plausible metric for assessing
HULIS toxicity.18 Specically, dry ozonolysis had a negligible
effect on the cytotoxicity of HULIS towards A549 cells, with low
1798 | Environ. Sci.: Atmos., 2023, 3, 1791–1804
cell death rate, total ROS levels, and O2
c− generation. O3

oxidation of HULIS under 45% RH decreased the redox poten-
tial and the cytotoxicity, making it almost non-toxic compared
to the fresh HULIS. In contrast, NO3c aging had a positive effect
on HULIS cytotoxicity, causing increased cell death, elevated
levels of total ROS, and O2

c− generation.
3.4 Evolution of HULIS redox potential and ROS generation
in lung liquid environment

Inhaled nanoparticles can remain in the alveoli for up to 24
hours.64 Previous relevant studies allowed 3–4 hours for redox
reactions of organic aerosols in lung uid environment to
achieve equilibrium of ROS generation.4,28 Therefore, we
studied the toxicity of HULIS in neutral lung uid mimics for 4
hours to investigate the dynamic evolution of deposited HULIS
in the respiratory system. The results presented in Fig. 5A, B and
S15A–F† indicate that under neutral conditions, both the OP
and AOC of HULIS generally decreased, except for the fresh
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Evolution of (A) OP, (B) TEAC, and (C) H2O2eq generation for fresh and atmospherically aged HULIS in PBS solutions during a 4 h oxic
incubation at 37 °C in the dark. (D) Parallel tests of H2O2eq generation for HULIS in surrogate lung fluid (SLF). Results for 25 ppm O3 oxidized and
maximumNO3c aged HULIS are shown. The results of additional tests are given in Fig. S15.† The redox potentials and H2O2eq were exponentially
regressed using the Exp2PMod1 and BoxLucas1 functions, respectively, using OriginPro 2021.
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samples, which showed an initial increase in OP before
decreasing aer 1 hour. This change in OP for fresh HULIS is
consistent with previous ndings suggesting a pH-promoted
conversion mechanism of quinones through the autoxidation
of hydroquinones and polyphenols.4,65

The redox potential followed an exponential decay, indi-
cating an apparent rst-order depletion or deactivation kinetics
of both oxidizing and antioxidant moieties in all HULIS
samples. Our study derived rst-order depletion rate constants
and we found that nighttime heterogeneous aging slowed down
the reduction of HULIS redox potentials in PBS, demonstrating
potentially weaker reactivity of the lowered RACs in atmo-
spherically aged HULIS. Generally, the OP decreased more
rapidly than the AOC, and the polyphenol contents declined at
slower rates than the TEAC. For example, the fresh HULIS had
pseudo-rst-order decline rates of 0.088, 0.050, and 0.034 h−1

for OPDTTOC_PBS, TEAC and GAE, respectively. These rates
decreased with HULIS oxidation by O3 or NO3c. The most
oxidized HULIS (high O3 exposure at 75% RH) displayed cor-
responding rates of 0.032, 0.037, and 0.012 h−1, respectively.
Maximum NO3c aging decreased these rates to 0.026, 0.028, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
0.008 h−1, respectively. These results suggest that the RACs in
atmospherically aged HULIS are more resilient toward intrinsic
chemical reactions. On average, the OP and AOC of HULIS
decreased by 16% and 11%, respectively, over a 4 hours period
in a neutral lung uid environment. Therefore, we opine that
the intrinsic chemical reactions of HULIS in the lung uid are
not an important pathway in deactivating HULIS toxicants upon
inhalation.

Fig. 5C, S15G and H† illustrate a rapid generation of H2O2eq

in all HULIS samples incubated in PBS, reaching a plateau
within 3 hours. The temporal evolution of H2O2eq followed
Boxlucas growth model. Because fresh and atmospherically
aged HULIS do not contain organoperoxides, the H2O2eq cannot
form from organoperoxide decomposition. The correlation
between redox potential change and H2O2eq generation, as well
as the strong correlations between H2O2eq yields and initial OP
and AOC values, suggest that H2O2eq is produced through redox
reactions involving both antioxidant and oxidizing moieties
within HULIS. To test this hypothesis, we used 1,4-napthaqui-
none and gallic acid as redox proxies. They were incubated
individually or in combination in PBS (Text S8†). The functional
Environ. Sci.: Atmos., 2023, 3, 1791–1804 | 1799
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behavior of HULIS was only replicated when a mixture of 1,4-
napthaquinone and gallic acid was used (see Fig. S16†),
although the rates of redox potential changes differed, likely
due to the greater complexity of the HULIS chemical
compositions.

Additional antioxidants in the SLF increased the H2O2eq

generation in all HULIS samples, resulting in an approximately
twofold increase in the nal H2O2eq yield (Fig. 5D, S15I and J†),
suggesting that antioxidants contribute to the generation of
H2O2eq. Tong et al. also found signicantly higher ROS yields,
particularly H2O2 and O2

c−, for naphthalene SOA in SLF.48 They
attributed the increase in ROS yields to redox-reaction cycles
involving oxidizing components in naphthalene SOA and anti-
oxidants in SLF.48 Further investigations are needed to explore
the thorough mechanisms of HULIS redox potential changes
and the detailed chemical pathways. In fact, numerous studies
reported that redox reactions between quinones and lung uid
antioxidants lead to ROS generation.12,66 These redox cycles
involve electron transfer from antioxidants to quinones, leading
to the formation of semiquinones, followed by the regeneration
of quinones through reactions with O2 to form O2

c−. O2
c− can

further convert into H2O2, which is the most abundant and
central ROS to radical reaction cycles and cause for oxidative
stress in the respiratory tract. However, our study demonstrated
that the redox-active constituents can be depleted or deactivated
in the redox reactions, likely due to ROS reactions. In fact, HO2$/
O2

c− exhibits relatively high reaction rate constants with
quinone and phenolic moieties.67,68 In addition, a signicant
yield of OHc was measured during the oxidation of reduced
humic acids by oxygen in the absence of light.69 OHc can attack
phenols and quinones, resulting in ring opening and mineral-
ization of these redox-active compounds.4,70 Our results reveal
that atmospheric transformations determine the kinetics of the
intrinsic redox reactions involving oxidizing and antioxidant
compositions of HULIS in a neutral lung uid environment.
4. Conclusions and atmospheric
implications

This study represents the rst investigation into the changes of
antioxidant capacity (AOC) and oxidative potential (OP) of
HULIS during nighttime atmospheric aging and subsequent
aqueous evolution in human lung uid mimics. The results
indicate that fresh HULIS released from wood smoldering
burning contain a high fraction of phenolic components, which
contribute signicantly to the AOC of HULIS. However, night-
time atmospheric reactions of HULIS with O3 or NO3c lead to
a reduction in both AOC and OP, indicating the decomposition
or deactivation of redox-active compounds in HULIS aerosols.
The rate constants involved in depleting HULIS redox-active
moieties vary depending on the reaction pathways, resulting
in different atmospheric lifetimes of antioxidant moieties and
oxidizing components of HULIS. Furthermore, ambient
humidity plays a signicant role in facilitating the uptake of O3

by HULIS and accelerating the associated reactions, promoting
substantial oxidation, and causing fragmentation of HULIS
1800 | Environ. Sci.: Atmos., 2023, 3, 1791–1804
aerosols. Consequently, the involvement of RH contributes to
lower HULIS redox potential following O3 oxidation, resulting in
shorter lifetimes of HULIS redox-active components and
limiting their potential health impacts.

Atmospheric aging modies the cytotoxic effects of HULIS
on lung epithelial cells (A549) in a similar pattern to the
changes in HULIS OP, supporting the use of OPDTT as a prom-
ising indicator for evaluating HULIS toxicity. The study also
reveals strong correlations between OP, A549 cell death, cellular
ROS generation, and lipid peroxidation in response to HULIS
exposure, highlighting oxidative stress as the primary toxic
mechanism of HULIS.

Furthermore, when HULIS aerosol are deposited into lung
uid, rapid intrinsic reactions occur, as evidenced by the
exponential decrease in HULIS AOC and OP, accompanied by
the generation of H2O2eq in a neutral environment (i.e., PBS
solution). The interactions between quinoid components and
phenolic antioxidants in HULIS lead to H2O2eq generation and
also decompose or deactivate the redox-active components.
Moreover, the pathways and extent of atmospheric aging
determine the intrinsic evolution of HULIS in the lung uid.
Specically, nighttime aging reduces the redox-active
compounds of HULIS aerosols, resulting in relatively weaker
aqueous reactions, a slower decline in HULIS redox potential,
and lower H2O2eq yield under neutral lung uid conditions. The
nal H2O2eq yields of fresh and atmospherically aged HULIS in
a neutral environment are doubled in the presence of additional
antioxidants (i.e., SLF), conrming the importance of antioxi-
dants in redox cycling and in H2O2eq generation, and also
suggests that the interactions among HULIS, biological anti-
oxidants, and the lung system are the dominate source of
H2O2eq, rather than the intrinsic chemical reactions within
HULIS. These ndings support recent studies reporting that
endogenous ROS generation exceeds exogenous sources in the
respiratory system upon inhalation of organic aerosols.71–73

Furthermore, the trivial decrease in HULIS redox potential
resulting from intrinsic chemistry implies that other channels,
such as interaction with the respiratory system, are of greater
importance in clearing organic toxicants.

A recent opinion review has emphasized the necessity of
a better understanding of multiphase chemistry triggered by
respirable particles at the lung–air interface to address the
health impacts of harmful particles.74 We acknowledge the
limitations of the current investigation on HULIS aerosol,
including the lack of speciation and quantication of the target
organic toxicant/redox-active compounds, as well as the exact
reaction pathways following atmospheric transformation and
aging in the lung uid environment. The simplied lung uid
mimics of PBS and SLF cannot fully replicate the conditions in
the respiratory system, which is a complicated chemical envi-
ronment incorporating antioxidants, surfactants, and proteins
and involving biological interactions with the alveoli epithelial
cells. The causal relationship between the dynamic evolution of
aerosol in lung uid and their nal cytotoxic effects also
requires further elucidation. Moreover, atmospheric organic
aerosols from diverse sources are more intricate than the
HULIS, and there are more complex transformation processes
© 2023 The Author(s). Published by the Royal Society of Chemistry
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beyond the simple nighttime simulations via O3 or NO3c, such
as continuous diel agings of aerosols during their long-term
transport. The three scenarios explored can hardly tell the life-
time behaviors of organic aerosols in the air, not even in the
respiratory system. Overall, the primary objective of this study
was to offer an initial holistic view of the dynamic redox
potential and toxic evolution of typical biomass-burning
organic pollutants delivered from the atmosphere to the respi-
ratory system. However, the identied limitations underscore
the necessity for further and wider research in this eld.
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