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ABSTRACT: Respiratory deposition of secondary organic aerosols (SOA) and
iron may lead to the generation of reactive oxygen species and free radicals in lung
fluid to cause oxidative stress, but their underlying mechanism and formation
kinetics are not well understood. Here we demonstrate substantial formation of
organic radicals in surrogate lung fluid (SLF) by mixtures of Fe2+ and SOA
generated from photooxidation of isoprene, α-terpineol, and toluene. The molar
yields of organic radicals by SOA are measured to be 0.03−0.5% in SLF, which are
5−10 times higher than in water. We observe that Fe2+ enhances organic radical
yields dramatically by a factor of 20−80, which can be attributed to Fe2+-facilitated
decomposition of organic peroxides, in consistency with a positive correlation
between peroxide contents and organic radical yields. Ascorbate mediates redox cycling of iron ions to sustain organic peroxide
decomposition, as supported by kinetic modeling reproducing time- and concentration-dependence of organic radical formation as
well as additional experiments observing the formation of Fe2+ and ascorbate radicals in mixtures of ascorbate and Fe3+. •OH and
superoxide are found to be scavenged by antioxidants efficiently. These findings have implications on the role of organic radicals in
oxidative damage and lipid peroxidation.
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■ INTRODUCTION

Secondary organic aerosols (SOA) represent a substantial
fraction of ambient particulate matter (PM) and play a
significant role in air quality and public health.1−3 SOA are
generated from oxidation of anthropogenic and biogenic
volatile organic compounds (VOCs) followed by nucleation
and condensation of semi- and low-volatile oxidation
products.4 Transition metals are also important for aerosol
health effects and iron is regarded as being especially important
due to its strong redox activity. Iron is emitted from
anthropogenic and crustal sources such as diesel emissions,
nonexhaust emissions, and resuspension of dust.5,6 In
atmospheric aerosol particles the water-soluble fractions of
iron are reported to be up to about 20%7,8 with majority
(>60%) in the form of Fe (III), while significantly greater
fractions (up to 90%) of Fe (II) can be found in fog and cloud
water.8,9 Mineral dust can take up organic compounds to
facilitate particle formation and growth and to become
internally mixed with organics.10−12

Inhalation and respiratory deposition of redox-active PM
components can lead to the formation of reactive oxygen
species including hydroxyl radicals (•OH), superoxide/hydro-
peroxyl radicals (O2

•−/HO2
•), hydrogen peroxide (H2O2) and

organic radicals, which may cause oxidative stress. PM
oxidative potential is related to ROS formation and it has
been suggested to be an emerging indicator of aerosol health
effects in addition to PM mass concentrations.13−15 While

substantial efforts have been made to advance our under-
standing of toxicity and oxidative potential of SOA and metals,
the underlying mechanism of oxidative stress and linkage to
ROS formation by PM in lung fluid are still poorly
established.3

SOA contain a number of oxidized products such as
alcohols, carboxylic acids, and highly oxygenated organic
molecules (HOMs) with multiple peroxide functional-
ities.16−18 Organic hydroperoxides19,20 and peracids21 can
decompose to form •OH, which can be enhanced with Fenton-
like interactions of ferrous ion.19,22 Subsequent •OH oxidation
of primary or secondary alcohols can lead to the formation of
O2

•−/HO2
•.23 A very recent study demonstrated the formation

and stabilization of carbon-centered radicals in organic aerosols
containing Fe ions.24 Despite recent progress, the chemical
mechanism of ROS formation induced by SOA and transition
metals is highly uncertain, especially in lung fluid.
In this study, we characterized radical formation from

laboratory-generated SOA and Fe2+ in water and in surrogate
lung fluid (SLF). We observed major formation of •OH and
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O2
•−/HO2

• in water, but dominant formation of organic
radicals in SLF with significant enhancement effects by Fe2+.
Kinetic modeling elucidated that the substantial formation of
organic radicals is due to Fe2+-facilitated decomposition of
organic peroxides and subsequent aqueous reactions, which is
further enhanced by antioxidants through Fe3+/Fe2+ redox
cycling. We found that •OH and O2

•−/HO2
• can be effectively

scavenged by lung antioxidants, while some organic radicals
can persist due to relatively longer lifetimes and low reactivity
with antioxidants. This work provides the mechanistic
explanation for organic radical formation in lung fluid by
SOA and Fe2+ with significant implications on oxidative stress.

■ MATERIALS AND METHODS
SOA Formation, Collection, and Extraction. SOA

particles were generated from •OH photooxidation of isoprene
(Sigma-Aldrich, ≥99%), α-terpineol (Arcos Organics, ≥97%),
and toluene (Alfa Aesar, ≥99.7%) using a potential aerosol
mass (PAM) reactor.25 We selected isoprene and toluene
because they are among the most heavily emitted biogenic26

and anthropogenic27 VOCs, respectively. α-Terpineol was
selected as an important biogenic and indoor-relevant VOC,
which is a significant component of liquid cleaner/disinfectants
and air fresheners.28 Detailed procedures of SOA formation
can be found in our recent study.23 Despite high •OH
concentrations (∼1010 cm−3) compared to ambient levels
(∼106 cm−3), previous studies have shown that the PAM
reactor can generate SOA highly relevant to that from ambient
and chamber conditions in terms of mass yield, oxidation state,
hygroscopicity, and chemical composition with similar mass
spectra measured by an Aerodyne ToF AMS.29−31 Additional
advantages of the PAM reactor include efficient generation of
SOA mass in shortened experimental time scales, ability to
reach long photochemical ages, and minimized wall
losses.31−33 Nevertheless, the lifetimes of peroxy radicals in
the PAM reactor are much shorter compared to typical
ambient conditions and the reaction regime with high radical
concentrations would affect SOA chemistry;31 thus, future
studies with ambient SOA or SOA generated with low
concentrations would be warranted.
A scanning mobility particle sizer (SMPS, Grimm Aerosol

Technik) was used to monitor the number concentrations and
size distributions of PAM-generated SOA. Particle sampling
was initiated after the number concentrations stabilized. The
SOA particles were collected on 47 mm polytetrafluoro-
ethylene (PTFE) filters (Millipore FGLP04700, 0.2 μm pore
size) for 30−60 min with average mass loadings of 0.35 ± 0.06
mg, 2.18 ± 0.15 mg, and 1.04 ± 0.16 mg for isoprene, toluene,
and α-terpineol SOA, respectively. The filter samples were
extracted in 1 mL spin-trap solution (10 mM) containing Fe2+

salt ((NH4)2Fe(SO4)2, Sigma-Aldrich, 99%, 0−0.8 mM) in
water or in buffered SLF (pH 7.4). SLF is an artificial solution
containing naturally occurring lung antioxidants including L-
ascorbic acid (Asc, 200 μM, Sigma-Aldrich, 99%), L-
glutathione reduced (GSH, 100 μM, Sigma-Aldrich, >98%)
and uric acid (100 μM, UA, Sigma-Aldrich, >99%).34 It also
contains citric acid (CA, 300 μM, Sigma-Aldrich, >99.5%),
mimicking metal-binding proteins in vivo.35 A phosphate buffer
saline (PBS, Corning, 10×) was used to maintain the
physiological pH at 7.4 in SLF. The mass difference before
and after the extraction was regarded as the amount of SOA
dissolved in reagents, and an average molar mass of 200 g
mol−1 was assumed for the calculation of SOA molar

concentrations in filter extracts. SOA concentrations were in
the range of 1.2−2.1 mM, 2.0−3.9 mM and 5.6−9.9 mM for
isoprene, α-terpineol, and toluene SOA, respectively. The pH
of the SOA extracts in water varied between 4 and 6. Two SOA
samples were prepared for each Fe2+ concentration for the
analysis of radical formation. More detailed procedures of SOA
formation, collection and extraction can be found in our
previous study.23

Experiments were also conducted using the model
compounds of ROOR and ROOH including tert-butyl
peroxybenzoate (Sigma-Aldrich, 98%), tert-butyl peracetate
(Sigma-Aldirch, 50 wt %), cumene hydroperoxide (Alfa Aesar,
80%), benzoyl peroxide (Sigma-Aldrich, ≥98%), and dicumyl
peroxide (Sigma-Aldrich, 98%). 0.1 mM Fe2+ and 10 mM
peroxides were mixed with 10 mM BMPO in water and SLF,
respectively, followed by EPR measurements.

EPR Measurements. A continuous-wave electron para-
magnetic resonance (CW-EPR) spectrometer (Bruker, Ger-
many) coupled with a spin-trapping technique was used for
free radical quantification. The spin-trapping agent 5-tert-
Butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO) (Enzo,
≥99%) was used to capture free radicals generated upon
aqueous reactions of SOA. After particle extraction from a
filter, the extracts were incubated at a room temperature of 20
°C. A 50 μL aliquot was loaded into a 50 μL capillary tube
(VWR) and inserted in the resonator of the EPR spectrometer
at 10, 20, 60, 120, 180, and 240 min from the start of aqueous
reactions. The parameters for EPR measurements are as
follows: a center field of 3515.0 G, a sweep width of 100.0 G, a
receiver gain of 30 dB, a modulation amplitude of 1.0 G, a scan
number of 10−50, attenuation of 12 dB, a microwave power of
12.6 mW, a modulation frequency of 100 kHz, a microwave
frequency of 9.86 GHz, and a conversion time and time
constant of 5.12 ms. After obtaining the EPR spectra, SpinFit
and SpinCount methods embedded in the Bruker Xenon
software were applied to quantify BMPO−radical adducts19 at
each time point. Consistent with our previous study,23 the
detection limits for all BMPO−radical adducts are around 50−
80 nM. The radical yield was calculated by normalizing the
concentrations of BMPO adducts with SOA concentrations in
the aqueous extracts.

Fe2+ Measurement. Fe2+ measurements were performed
using the ferrozine method.36 The stock solution of 2.55 mg/
mL ferrozine (3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-
disulfonic acid monosodium salt hydrate, Sigma-Aldrich,
97%) was prepared. We added 100 μL of this solution to 10
mL samples containing Fe3+ or Fe3+ + ascorbate, and the
magenta-colored ligand formed by Fe2+ and ferrozine was
quantified by an online miniature spectrophotometer (Ocean
Optics) at a characteristic wavelength of 562 nm. The
calibration was conducted using Fe2+ standard solutions
(Supporting Information (SI) Figure S1). Note that the
control experiments show that Fe3+ or ascorbate alone with
ferrozine do not generate Fe2+ signal above detection limit (4
nM).

Total Peroxide Measurement. The total peroxide
measurements were conducted using a modified iodometric-
spectrophotometric method.37 Peroxides in all forms (ROOH,
ROOR, HOOH) can oxidize I− to form I2, which combines
with the excess I− to form I3

− with characteristic absorbance
peaks at wavelengths 289 and 350 nm38 and the absorbance at
350 nm was measured in this study. Isoprene, α-terpineol and
toluene SOA were extracted in 1 mL Milli-Q water for 7 min,

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c04334
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c04334/suppl_file/es1c04334_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c04334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


after which 100 μL of the SOA extracts were mixed with 700
μL ethyl acetate (Sigma-Aldrich, 99.8%) to obtain 800 μL
diluted extracts. Then the 800 μL diluted extracts were mixed
with 1200 μL reagents consisting of 636 μL acetic acid (Sigma-
Aldrich, ≥99%), 324 μL chloroform (Sigma-Aldrich, ≥99.5%)
and 240 μL water (acetic acid/chlroform/water = v/v
0.53:0.27:0.20). Note that the dilution factor of SOA extracts
in the reagents (i.e., 100 μL in 2000 μL) was determined when
different reagents were completely miscible so that the solution
was homogeneous. The 2000 μL diluted SOA extracts with
reagents were then purged with a flow of 15 ccm N2 for 1 min
to exclude dissolved oxygen that can also oxidize I−. Next, 20
mg of potassium iodide (KI, Sigma-Aldrich, ≥99%) was added
into each sample, after which the vials were capped and
allowed to stand for 1 h. Lastly, the solution was further diluted
in water by a factor of 200 (25 μL in 5000 μL) and the
absorbance at 350 nm was measured using an online miniature
spectrophotometer (Ocean Optics). The calibration was
performed using 0.2−2 μM benzoyl peroxide (Sigma-Aldrich,
≥98%) and the calibration curve is shown in SI Figure S2.
Blank (water instead of SOA extracts or benzoyl peroxide)
correction was always performed and the measurements were
repeated twice for each SOA sample.
DTT Assay. The dithiothreitol (DTT) assay was performed

following the protocol in Fang et al.39 Briefly, the consumption
rate of DTT is considered as an indicator of the oxidative
potential. To perform this assay, a 1 mL reaction vial was
prepared consisting of 0.7 mL samples or blank, 0.2 mL
phosphate buffer (0.5 M KH2PO4 and K2HPO4, Sigma-
Aldrich) and 0.1 mL of 1 mM DTT (Sigma-Aldrich, ≥99%).
The reaction starts with the addition of DTT, and a 100 μL
aliquot was withdrawn from the reaction vial at 0, 5, 10, 15,
and 20 min and added to 1 mL of TCA (trichloroacetic acid,
LabChem, 1% w/v) to quench the reaction. The reaction vials
were incubated at 37 °C in a thermo mixer (Eppendorf). Next,
2 mL Tris buffer (0.08 M Trizma base, Sigma-Aldrich, ≥
99.9% with pH adjusted to 8.9 by hydrochloric acid
(LabChem, 10 M)) and 0.5 mL DTNB (0.2 mM, 5,5′-
dithiobis(2-nitrobenzoic acid, Sigma-Aldrich, ≥ 98%) were
added to the quenched aliquot. The mixture was then diluted

10 times and immediately measured by the absorbance of 412
nm using an online miniature spectrophotometer (Ocean
Optics). Note, a blank control (Milli-Q water) was always
performed in each experiment. For the SOA extracts, isoprene
and α-terpineol SOA were diluted 10 times, while toluene SOA
was diluted 20 times to obtain linear DTT consumption rate
within the time scale of the experiment. The [Fe2+]/[SOA]
molar ratios in the reaction vials were maintained consistent
with those in EPR measurement.

Kinetic Modeling. A kinetic model was applied to simulate
the radical formation by aqueous reactions of isoprene SOA
with Fe2+ in SLF using the reactions listed in SI Table S1. The
reactions include radical chemistry involving SOA (R1−R31),
ROS coupling (R32−R41), reactions of Fe ions (R42−R51),
reactions involving antioxidants (R52−R63), and BMPO
chemistry (R64−R84). The mechanisms of •OH and •O2

−/
HO2

• formation from SOA (R1, R3, and R4) were explicitly
addressed in our previous study,23 with the addition of Fe2+-
catalyzed ROOH decomposition (R2).19,40 The RO• for-
mation originates from Fe2+-catalyzed decomposition of
ROOR (R5) and ROOH (R10, branching of R2), which can
be further converted to R• through isomerization (R12),41

decomposition (R13),42 and bimolecular reactions (R14−
R16).43 Note that the rate coefficients involving SOA
chemistry were assumed to be independent of the structures
of R groups contained in isoprene SOA, representing a major
model assumption. The variations in rate coefficients depend-
ing on R structures were reflected in the uncertainties shown in
SI Table S1.
The rate coefficients of ROS coupling reactions were

obtained from literature values. For Fe-oxidant interaction
(R42−R45), we also consider potential impacts of Fe-citrate
ligand on the rate coefficients as demonstrated by Gonzalez et
al.44 The rate coefficients of antioxidants with radicals and Fe
ions were also adopted from literature, except that the
scavenging of R• and RO• by ascorbate (R56 and R57) were
assumed to be a few orders of magnitude slower than that of
•OH and •O2

−/HO2
• (R52 and R55). This is in line with the

experimental results showing BMPO−OH and BMPO−OOH
below the detection limit, in contrast to the significant

Figure 1. (a) EPR spectra of isoprene SOA with 0 or 0.4 mM Fe2+ in water and SLF in the presence of spin-trapping agent BMPO. The dashed
vertical lines represent different BMPO−radical adducts and ascorbate radicals (Asc•−). (b) Yields and relative abundance of different radical
species including BMPO−OH (red), BMPO−OOH (green), BMPO−R (yellow) and BMPO−OR (blue) from isoprene (ISO), α-terpineol (AT),
and toluene (TOL) SOA in water and SLF with 0 or 0.4 mM Fe2+. Radical yields peaked and thus selected to show at reaction time of 20 min in
water and 60 min in SLF, respectively. The error bars represent the error propagation from the two duplicates in EPR measurement and the
uncertainty in SOA mass measurements.
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formation of BMPO−R and BMPO−OR in SLF. The redox
cycling of Fe3+/Fe2+ by ascorbate is also considered (R63).
The unknown rate coefficients and molar fractions of ROOH,
R1R2CHOH and ROOR contained in isoprene SOA were
determined using the Monte Carlo genetic algorithm (MCGA)
to reproduce experimental data.45 In the Monte Carlo search,
input parameters were varied randomly within individual
bounds: the boundaries of all reaction rate constants were
generally constrained to within 2 or 3 orders of magnitude
based on literature values, whereas the ROOH/R1R2CHOH/
ROOR molar fractions were constrained to between 0.1% and
80%. The uncertainty of the rate coefficients in SI Table S1
and the ROOH/R1R2CHOH/ROOR fractions in SI Table S2
were obtained by running the MCGA numerous times (>100),
among which 40 parameter sets were selected which
reasonably captured the temporal trends of the experimental
data.

■ RESULTS AND DISCUSSION

Radical Formation from SOA and Fe2+ in Water and
SLF. Figure 1a shows the observed EPR spectra of isoprene
SOA in water and SLF in the absence of Fe2+ or in the
presence of 0.4 mM Fe2+. The simulations and deconvolution
of EPR spectra (SI Figure S3) allow us to quantify the absolute
radical yields and relative abundance of different types of
BMPO radical adducts including •OH, O2

•−/HO2
•, and

carbon- and oxygen-centered organic radicals. As shown in
Figure 1b, we find striking enhancements in the observed total
radical yields with Fe2+ addition in both water (from 0.07% to
0.57%) and SLF (from 0.005% to 0.42%) with large changes in
radical composition. Isoprene SOA in water leads to the
predominant formation of superoxide (64%) with a minor
contribution from •OH and carbon-centered radicals; upon the
addition of 0.4 mM Fe2+, the radical profile becomes
dominated by •OH (77%) with contributions from O2

•−/
HO2

• (15%) and carbon-centered radicals (8%) (Figure 1b).

In the presence of antioxidants in SLF without Fe2+, only
carbon-centered radicals are observed, while a minor
contribution from oxygen-centered organic radicals (16%) is
also observed with 0.4 mM Fe2+. •OH and O2

•−/HO2
• radicals

are not observed in SLF, indicating effective scavenging of
these highly reactive species by antioxidants, which is
consistent with the formation of ascorbate radicals (Asc•−)46

in Figure 1a. Note that the detected organic radical formation
in SLF should be attributed to isoprene SOA with negligible
contributions from Asc•− trapping by BMPO, as •OH radicals
formed by the Fenton reaction (Fe2+ + H2O2) are effectively
scavenged in the SLF by ascorbate forming Asc•− without the
formation of organic radical adducts (SI Figure S4).
In addition to isoprene SOA, α-terpineol and toluene SOA

are also characterized for the radical yields in water and SLF,
with the observed EPR spectra shown in SI Figure S5. In water,
α-terpineol and toluene SOA alone consistently generate
radicals dominated by O2

•−/HO2
• (>90%). The total radical

yields are elevated by a factor of 4−8 upon Fe2+ addition: α-
terpineol SOA exhibits dominant (83%) •OH formation which
is similar to isoprene SOA (77%), while we observe no •OH
above the detection limit from toluene SOA + Fe2+ in water. In
SLF, Figure 1b shows consistent enhancement effects by Fe2+

in organic radical formation, with radical yields increasing
substantially from 0.008% to 0.19% for α-terpineol SOA and
from below the detection limit (BDL) to 0.04% for toluene
SOA, respectively. Carbon-centered radicals are the dominant
species for α-terpineol (92%) and toluene (74%) SOA with
minor contributions from oxygen-centered organic radicals
(8% and 26%, respectively). Overall, we observe the highest
radical yields and strongest enhancement effects of Fe2+ (by a
factor up to ∼80) from isoprene SOA followed by α-terpineol
and toluene SOA.

Reaction Mechanisms. To elucidate the chemical
mechanisms of organic radical formation by SOA and Fe2+,
we developed and applied a kinetic model to simulate the
temporal evolution of R• and RO• radicals. The following

Figure 2. EPR spectra of mixtures of 0.1 mM Fe2+ with 10 mM (a,b) tert-butyl peroxybenzoate, (c,d) tert-butyl peracetate, (e,f) cumene
hydroperoxide, and (g,h) benzoyl peroxide in water (black) or SLF (red).
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reactions were implemented into the kinetic model for radical
formation from isoprene SOA and Fe2+ based on previous
studies:

→ +• •ROOH RO OH (R1)

+ → + ++ − • +ROOH Fe RO OH Fe2 3 (R2)

+ →• •cR R CHOH OH R R C(O )OH1 2
O

1 1 2 2
2

(R3)

→ +• •R R C(O )OH R C(O)R HO1 2 2 1 2 2 (R4)

′ + → + ′ ++ • − +ROOR Fe RO R O Fe2 3 (R5)

SOA contain organic hydroperoxides (ROOH), which can
undergo thermal decomposition to yield •OH radicals (R1),
which can be drastically promoted by Fe2+ with the Fenton-like
reaction leading to enhanced formation of •OH (R2).19 Note
that R1 occurs for ROOH without additional functionalities on
the α-carbon, as the decomposition of α-hydroxyhydroper-
oxides leads to the formation of carbonyl and H2O2.

47,48 HO2
•

is formed subsequently by •OH oxidation of primary or
secondary alcohols (R1R2CHOH) followed by fast addition of
dissolved oxygen (R3) and unimolecular decomposition of α-
hydroxyperoxyl radicals (R4).49 Our recent study showed that
this mechanism can explain the dominated O2

•−/HO2
•

formation from the aqueous reactions of isoprene and terpene
SOA in the absence of Fe2+.23 While organic peroxides
(ROOR’) are thermally stable, they are known to be reactive
toward Fe2+, releasing RO• radicals (R5) in analogy to R2.50,51

To confirm Fe2+-facilitated decomposition of organic
peroxides, we measured radical formation in mixtures of Fe2+

and commercially available organic hydroperoxides and
peroxides in water and SLF. As shown in Figure 2, tert-butyl
peroxybenzoate, tert-butyl peracetate (ROOR), and cumene
hydroperoxide (ROOH) produce various radicals via Fenton-
like reactions of Fe2+ in water; note that organic radicals are
below detection limit without Fe2+. Benzoyl peroxide and
dicumyl peroxide (not shown) are found to be unreactive with
Fe2+ within the time scale of our experiments, indicating that
some organic peroxides are very stable. In SLF, only R• was
formed and other radicals (•OH, O2

•−, RO•) were hardly
observed. It indicates efficient scavenging of reactive radicals
by antioxidants and rapid conversion of RO• to R•.

Indeed, we observed significantly higher formation of R•

than RO• from isoprene SOA in both water and SLF (Figure
1b), most likely due to the rapid conversion of RO• to R• via
isomerization (R12 in Table S1), decomposition (R13) and a
bimolecular reaction resulting in H abstraction (R14).52 While
the isomerization and decomposition of RO• are established in
the gas phase, these pathways can also occur in the aqueous
phase.53 Our model sensitivity analysis suggested that R12 and
R13 contribute to over 99% of the total BMPO−R formation,
consistent with Carrasquillo et al.43 showing that a bimolecular
reaction as a negligible channel in the condensed phase.
Isomerization and decomposition rates of RO• are comparable
in forming R• given the fitted rate coefficients ((0.05−6.4) ×
106 s−1 and (0.1−9.6) × 105 s−1, respectively), which are in
line with literature values (<107 s−141 and <1.4 × 106 s−1,42

respectively).
The significantly higher formation of organic radicals in SLF

than in water can be attributed to redox cycling of Fe3+/Fe2+

mediated by antioxidants (R63): Fe3+ + AscH− → Fe2+ + H+ +
Asc•−. Fe3+ can be reduced rapidly to regenerate Fe2+ by
ascorbate anions,54−57 maintaining reaction rates of R5 and
R10 to sustain organic radical formation. The model sensitivity
analysis revealed that such recycling of Fe2+ contribute to 5−10
times higher organic radical formation in the SLF than in
water. Note that a very recent study suggested that Fe3+ and
ascorbate reactions are catalytic rather than redox reactions:58

Fe3+ + Asc + O2 → Fe3+ + dehydroascorbic acid (DHA) +
H2O2. To further investigate the nature of the Fe3+-ascorbate
reaction, we measured Fe2+ in the mixtures of Fe3+ and
ascorbate in water or PBS solutions. Figure 3a shows that 12−
14% of Fe3+ can be reduced to form Fe2+ in water, which can
be further enhanced when buffered by PBS (18−47%). In
addition, EPR measurements show that Asc•− is formed in the
Fe3+-Asc mixtures when buffered by PBS (Figure 3b), which is
only generated by redox instead of catalytic reactions.
Interestingly, both Fe2+ and Asc•− measurements indicate
that Fe3+-Asc redox reactions are highly pH-dependent and
more prominent when buffered by PBS. We also conducted
sensitive analysis in the model, showing that the redox
reactions remain the dominant channel of Fe3+-Asc interaction
even if the catalytic reactions are considered (see details in SI).
Future studies are required to elucidate the relative importance

Figure 3. (a) Concentrations of Fe2+ formed in the mixtures of ascorbate (10 μM) with Fe3+ (0.1, 0.2, and 0.4 μM) with and without PBS. The
number on each bar represents the percentage of Fe3+ that gets reduced by ascorbate. (b) EPR spectra of 0.1 mM Fe3+ and 0.2 mM ascorbate with
and without PBS. The pH is 4−5 without PBS in the mixtures.
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of catalytic and redox reactions between Fe3+ and ascorbate
particularly under different pH.
Overall, the implemented mechanisms successfully repro-

duce the time dependence of organic radical formation (Figure
4a,b) as well as the concentration dependence (Figure 4c),
demonstrating the consistency of model simulations with
experiments. We measured peroxide molar fractions in SOA,
showing a positive correlation with organic radical yields by
SOA in the presence of Fe2+ (circles in Figure 4d). It indicates
that peroxides (ROOR + ROOH) are highly probable sources
of aqueous organic radical formation. This is in line with a very
recent study showing that the total ROS production from
cooking SOA can be enhanced substantially through
atmospheric aging, coinciding with the elevation in peroxide
contents.59 Isoprene SOA is measured to have high peroxide
content (∼97%) compared to Surratt et al.60 (∼61%, from a
Teflon chamber); this difference may be due to excess RO2

•

chemistry in the PAM reactor, inducing more production of
peroxides through termination steps such as RO2

• + HO2
• →

ROOH and RO2
• + RO2

• → ROOR.4 Toluene SOA has the

lowest peroxide content with 18%, which is consistent with a
previous study,61 leading to a lower organic radical yield.
To investigate the linkage between organic radical formation

and oxidative potential, we performed the DTT assay on
mixtures of SOA and Fe2+ and the results are shown by the
color scale in Figure 4d (see also Table S3). The DTT
consumption rates normalized by SOA mass (DTTm) for
isoprene SOA (33.4 ± 6.2 pmol min−1 μg−1) and toluene SOA
(22.3 ± 2.5 pmol min−1 μg−1) are consistent with previous
studies.62,63 With Fe2+ addition, clear enhancements of DTTm
are observed for all types of SOA. Due to the moderate DTT
activity from Fe2+ alone (Figure S6), SOA and Fe2+

demonstrate a strong synergistic effect in causing oxidative
potential (Table S3). Figure 4d shows no clear association
between organic radical yields and DTTm. Despite the lowest
organic radical yields from mixtures of toluene SOA and Fe2+,
they induce relatively high DTTm (42.8 ± 0.4 pmol min−1

μg−1), which is comparable with mixtures of isoprene SOA and
Fe2+ (49.0 ± 11.2 pmol min−1 μg−1). Tuet et al.64 reported
generally higher DTT activities from anthropogenic SOA than
biogenic SOA, although the interactions of SOA and transition

Figure 4. (a) Temporal evolution of molar yields of (a) BMPO−R and (b) BMPO−OR from aqueous reactions of isoprene SOA and Fe2+ (0−0.8
mM) in SLF. (c) Yields of carbon- (yellow) and oxygen-centered (blue) organic radicals from isoprene SOA in SLF as a function of [Fe2+]/[ISO]
molar ratios. The markers are experimental data. The solid lines represent the best fits of the kinetic model and the shaded areas represent the
modeling uncertainties. (d) Organic radical yields (BMPO−R + BMPO−OR) versus total peroxide molar fractions in isoprene, α-terpineol, and
toluene SOA with 0 (square) or 0.4 mM (circle) Fe2+. The color scale represents the DTT consumption rate normalized by SOA mass (DTTm).
The error bars in all panels represent the error propagation from the two duplicates in EPR measurement or total peroxide measurement and the
uncertainty in SOA mass measurements.
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metals in oxidative potential are still understudied. Dedicated
studies are necessary to further elucidate the link between ROS
formation and oxidative potential from SOA.
Implications. This work establishes the mechanisms

driving organic radical formation by the interactions among
SOA, Fe2+ in SLF as shown in Figure 5. In liquid droplets
formed through aerosol deliquescence, the decomposition of
organic hydroperoxides in SOA can be promoted by Fe2+,
leading to enhanced formation of •OH and O2

•−/HO2
• with a

minor contribution from organic radicals (R1−R4). These
aqueous-phase processes involving ROS formation are efficient
pathways for the chemical aging of SOA,65,66 which may lead
to the change of particle properties such as cloud condensation
nuclei activity67 and optical properties.68

Upon respiratory deposition of aerosol particles, SOA and
Fe2+ may interact and release various radical species in
epithelial lining fluid (ELF). While organic peroxides are
thermally stable under physiological temperature,69 the
chemical lifetimes of organic peroxides with respect to Fe2+

reactions are calculated to be 0.3−46 h depending on Fe2+

concentrations in the experimental range of 0.05−0.8 mM.
Meanwhile, the antioxidant defense system can counteract
ROS formation: for example, ascorbate efficiently scavenges
•OH and O2

•−/HO2
• with relatively fast rate constants of ∼1.8

× 10−11 cm−3 s−1 and ∼3.6 × 10−16 cm−3 s−1, respectively.70,71

In comparison, organic radicals, especially R•, react with
ascorbate more slowly by multiple orders of magnitude, leading
to much longer lifetimes.54 A recent study characterized that
the reaction rates of ascorbate and glutathione with alkyl
radicals are too slow to protect proteins from peroxidation.72

The rapid redox cycling of Fe3+/Fe2+ maintained by ascorbate
can further facilitate the ROOR decomposition and sub-
sequent organic radical formation (R5, R10−R14, R63). Note
that Fe3+/Fe2+ redox cycles can also be mediated by ROS such
as superoxide,44,73 which can be hindered by the addition of
antioxidants through direct scavenging of ROS. Antioxidants
play a reciprocal role by depleting short-lived reactive radicals
while amplifying organic radical formation.
Epithelial cell membranes contain phospholipid bilayers and

•OH and HO2
• are known to initiate a cascade of propagation

reactions of lipid peroxidation,74,75 which may alter the
membrane fluidity and trigger the inactivation of membrane-
embedded proteins functioning as ion channels and

receptors.76 Our results on persistency of organic radicals
even in the presence of antioxidants imply that organic radicals
may also participate in radical chain reactions to be involved in
lipid peroxidation. Despite the significance in numerous
pathological processes, lipid peroxidation has not been linked
mechanistically to radical formation from organic aerosols and
transition metals, which underlines the need of future studies.
Overall, our experimental and modeling results demonstrate
the central role of Fe2+ in inducing organic radical formation
by facilitating ROOR decomposition in lung fluid, highlighting
the significance of the interactions among redox-active
components in ambient PM in potentially causing oxidative
stress.
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