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S1. Kinetic model.

KM-SUB-ELF is based on the kinetic multi-layer model for aerosol surface and bulk
chemistry (KM-SUB)'. The model treats the following processes explicitly: gas-phase diffusion,
adsorption and desorption from the surface, bulk diffusion as well as chemical reactions at the surface
and in the bulk. The ELF is split into different layers: a sorption layer, a surfactant layer, a near
surface bulk layer and a number of bulk layers. In this study 20 bulk layers were used which allowed
the concentration gradients within the ELF to be resolved. Laminar flow through the nasal cavity and
respiratory tract is expected at resting breathing flow rates”. The temporal evolution and concentration
profile of the various reactants and products can be simulated by solving a set of ordinary differential
equations, which describe mass balance of each species by mass transport fluxes and rates of chemical
production and loss. A general schematic of the KM-SUB-ELF model is shown in Supplementary
Figure 1.

Supplementary Table 1 summarizes the reactions treated in KM-SUB-ELF. These reactions
include O3 and OH reacting with antioxidants and with a surfactant lipid, 1-palmitoyl-2-oleoyl-sn-
glycerol (POG) and a surfactant protein (SP-Bi.,5). POG is representative of the major unsaturated
anionic lipids in lung surfactants and contains one double bond that can react with ozone, whereas SP-
Bi.5 is a protein containing 25 amino acids and is representative of proteins found in lung surfactants.
KM-SUB-ELF includes reactions involving three types of quinones, which were found to be the most
important in ROS producti0n3: phenanthrenequinone (PQN), 1,4-naphthoquinone (1,4-NQN) and 1,2-
naphthoquinone (1,2-NQN). KM-SUB-ELF also includes Fenton chemistry of iron ions, Fenton-like
chemistry involving copper ions, and HO chemistry, leading to both H,O; production and destruction.
For the majority of reactions rate coefficients are known and have been published in the literature. For

unknown and controversial reaction rate coefficients, the experimental data of formation of H2023 and
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OH* in the presence of quinones, iron and copper ions was fitted by KM-SUB-ELF using the Monte
Carlo genetic algorithm as detailed below.

Iron and copper were the two transition metal ions included within KM-SUB-ELF. It has been
demonstrated experimentally that other transition metals including Mn, Co, V, Ni, Zn, Cd, Cr do not
produce H,0, within surrogate lung fluid®. Measurements have also shown that there is no production
of OH radicals in surrogate lung fluid from any of these metals with the exception of Cu and Fe'. Rate
constants of Fenton-like reactions do exist for manganese, however, these suggest that the formation
of O, (which is the first step of the mechanism) is significantly faster for Fe’" (and hence Cu®") than
for Mn>">. Reactions which interconvert ROS are also significantly faster for Cu and Fe than for Mn°.
Finally, there is also evidence that total concentrations and water-soluble concentrations of iron and
copper within PM2.5 tend to be higher than the concentrations of other water-soluble metal ions such
as Mn, Ni, Br, Sr, Pb, As, Ti, Se’™"".

Note that this study intended to determine a baseline for the primary chemical production of
exogenous ROS. From this baseline, air pollutants can cause secondary production or destruction of
endogenous ROS via biological interactions and responses of the human immune system, including
the activation of macrophages, mitochondria and enzymes like NADPH-oxidase and glutathione
peroxidase or infections and microbial growth induced by biological and nutrient-rich particles'*".
Activity of enzymes is highly dependent upon exposure to oxidants (e.g. ozone) as well as the pH of
the ELF and is significantly reduced in smokers and people suffering from lung diseases such as
chronic obstructive pulmonary diseases'*"®.

Supplementary Table 2 summarizes the kinetic parameters including the surface
accommodation coefficient, desorption lifetime, Henry’s law coefficient, bulk diffusion coefficient,
effective molecular cross-section of the gas phase species, mean thermal velocity of the gas phase
species and the gas phase diffusion coefficients of O; and OH. The concentrations of antioxidants
within three different regions of the respiratory tract (the alveoli, the bronchi and the nasal cavity) are
known and are summarized within Supplementary Table 3'’. Albumin-SH has been suggested as an
antioxidant but has not been included in the modellg, because it has been demonstrated that it would be

18,19 . . . . . .
7 and there is no evidence of oxidative modification of

of minimal importance compared to GSH
albumin by ozone in the presence of other antioxidants™. The average thickness of the ELF and the
diameter of the respiratory tract are also listed. The concentration of the surface lipid was set to 2.2 %
10*' cm™ representing a monolayer of the lipid with a thickness of 7.8 x 10 cm equivalent to the
effective diameter of the lipid. These values were based on a 60 A/ lipid surface density®'. Finally, the
surface concentration of reactive sites in surfactant protein was set to 8.8 x 10*”cm™ considering that
one surfactant protein molecule contains four reaction sites (the amino acids 2 x cysteine, tryptophan,
methionine)®.

The chemistry of iron and copper with hydrogen peroxide has been extensively studied and

can be summarized by the Fenton and ROS reactions shown by Reactions 22 — 48 in Supplementary
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Table 1. However, there are large uncertainties in many of these rate coefficients and also in the
mechanism. For example, it has been suggested that the reaction of Fe(II) with hydrogen peroxide
could lead to the formation of Fe(Ill) (R26) and/or Fe(IV) (R30) and measurements have suggested
that Fe(IV) formation may be more than 1000 times faster at the air-liquid interface than in the bulk®.
To account for these large uncertainties, the available experimental data sets were reproduced by KM-
SUB-ELF. Charrier et al.’ measured the H,0, production with different iron and copper concentrations
in a surrogate ELF solution. Charrier and Anastasio® reported the measured para-hydroxybenzoic acid
(p-HBA) formed after 24 hours from the reaction of benzoate with OH radicals in surrogate lung fluid
as a function of either iron or copper concentration. Surrogate ELF has been widely used and accepted
as a suitable surrogate for real ELF, as it contains very similar concentrations of antioxidants and has
the same pH of 7.4>***?7. We varied the most uncertain kinetic rate constants within their boundaries
suggested in the literature. These include oxidation of quinones, Cu(l) and Fe(II) by oxygen species O,
and 'O,/ HO, (R17, 18, 24, 25, 41, 42, 49), reduction of Cu(Il) with ‘O,7 HO, (R47 and 48) direct
reactions of Cu(l) and Fe(Il) with hydrogen peroxide (R26, 30, 43, 44 and 46), the reduction of
quinones, Cu(Il), Fe(Ill) and Fe(IV) with ascorbate (R16, 22, 23 and 40) and the reaction of ascorbate
with 'Oy (R51).

To find a common kinetic parameter set describing all available experimental data, the
optimization of these rate coefficients was performed by global optimization, which is a genetic
algorithm (GA, Matlab Global Optimization Toolbox, Mathworks® software), seeded with results

28,29
7. In

from a uniformly-sampled Monte-Carlo (MC) search for faster convergence (MCGA method)
the MC search, kinetic parameters were varied randomly within their individual bounds. Each data set
is fed into the model and the correlation between model output and experimental results is evaluated in
a least-squares fashion. In the GA step, a so-called population of parameter sets is optimized by
processes resembling recombination and mutation in evolutionary biology. To ensure diversity within
the pool of parameter sets and to counteract the sampling bias from shallow local minima, an equal
amount of random parameter sets was added to the starting population. The data sets and the fitting
obtained with KM-SUB-ELF are shown in Supplementary Fig. 1. Supplementary Figure 11 shows
fitted parameters with uncertainty in the box-whisker diagrams based on multiple optimization.

The rate-limiting step for hydrogen peroxide production is found to be the reaction with
molecular oxygen with transition metal ions (R24 and 41). For the hydrogen peroxide production by
quinones, the radical chain is initiated by oxidation of the antioxidant ascorbate (R13, 16 and 19).
Ascorbate also reacts with the oxidized forms of both transition metals (R 22, 23 and 40) and a large
portion of hydrogen peroxide production by copper can be attributed to this reaction channel. All
reactions involving superoxide and quinone radicals (R17 and 18) were found to be fast, and rate

coefficients approach the diffusion limit of ~1x10™"" cm® s %

(Supplementary Fig. 11).
The main driving force of the production of OH radicals is the direct reactions of hydrogen

peroxide with the reduced forms of the trace metals Cu(l) and Fe(II) (R43 and 26). As discussed

3



108  above, direct oxidation of Fe(Il) to Fe(IV) without production of hydroxyl radicals (R30) is fast in the
109  simulations with a rate of 9.5 x10™"® cm® s™', which is in line with Enami et al.”*. Regeneration of the
110 reduced forms of trace metals in the model is mainly accomplished by direct reaction with ascorbate
111 (R22, 23 and 40). Continuous production and destruction of hydrogen peroxide led to a steady-state
112 equilibrium and hence constant production of OH radicals until all of the ascorbate was depleted. It
113 can be seen from the experimental data * that the cumulative OH production after 1 day became
114 independent of trace metal concentrations above a certain trace metal concentration (~ 3 — 4 pmol L™)
115 (Supplementary Fig. 2).

116

117 S2. ROS concentrations and OH, H,O; and ROS production rates

118 To convert ambient concentrations (ng m™) of transition metal ions, quinones and SOA into

119  ELF concentrations, the following equation was used:

ELF concentration

_ Ambient concentration X Breathing rate XPM deposition rate XFractional solubilityx Accumulation time (ED)
h MW XTotal ELF volume

120 where MW is the molecular weight of the species, the breathing rate was assumed to be 1.5 m*h™ ***!

121 the PM deposition rate was assumed to be 45% ** and the total ELF volume was set to 20 m1>***, The
122 fractional solubilities of iron and copper were assumed to be 0.1 and 0.4, respectively’>>’. Total water-
123 soluble fractions of iron and copper can range from ~5 — 25 % and ~20 — 60 %, respectively, in a wide
124  range of different environments including urban, rural and remote locations’”>*  which are
125  represented in Figure 2C by the error bars on each point. Here we assume that species in the
126  particulate matter that undergo reactions are immediately available in solution upon deposition. The
127  temporal evolution of the solvation of different species might also have an influence and should be
128  investigated in future work.

129 Inhaled particles can be deposited in the respiratory tract and accumulate over several hours

#46 and we therefore set the

130  before being removed by the immune system and metabolic activity
131  accumulation time to 2 hours in this study. It should also be noted that there is a background
132 concentration of iron within the ELF of a healthy person, but these iron ions are treated as unreactive
133 as they are associated with ferritin and therefore unavailable for Fenton reactions™*’. For conversion
134 of typical ambient concentrations into PM2.5 concentrations, it was estimated that 0.13 - 6% of iron,
135 0.008 - 0.3% of copper, 0.001 - 0.015% of quinones and 12 - 60 % of SOA by weight were present
136  within PM2.5 (Fig. 2A & Supplementary Fig. 5). These values are based upon the measurements
137  shown in Supplementary Tables 4 — 6. For quinones the concentration ratio of [PQN]: [1,2-NQN]:
138 [1,4-NQN] was assumed to be 2: 1: 1.

139 SOA particles have been shown to contain substantial amounts of ROS, mostly H,0,"'. T

0
140 calculate the ROS concentrations formed in the ELF by SOA, a H,0, formation rate of 1.5 x 10°s™ per
141  microgram of SOA was included in the KM-SUB-ELF model. This value was based on a 0.06 % mass

142 ield of H,O, from terpene SOA at pH 7.5, SOA contains high concentrations of organic
y p p g g
4
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hydroperoxides52 and recent experiments have shown that SOA can form substantial amounts of OH
radicals upon interactions with water and iron ions due to their decomposition®. The molar OH yield
by SOA was reported to be 0.15% - 1.5% with the highest for B-pinene SOA followed by a-pinene,
isoprene, and limonene, whereas naphthalene SOA were found to form negligible OH. We hence
assume a 1% molar yield of OH production rate for SOA. It should be noted that these experiments
were performed with fresh SOA but some measurements have shown that organic peroxides within
SOA would decay on the timescale of about 6 - 20 hours**; thus, aged SOA might generate lower
ROS concentrations. ROS production rates from SOA are equivalent to the sum of the H,O, and OH
production rates. Note that the definition of ROS used in our study includes OH, O,’, HO,, O3, and
H,0; in accordance with most biomedical research articles on aerosol lung interactions and health

55-57

effects However, the broader definition includes organic species such as organic

50,55,58

(hydro)peroxides . Whilst the decomposition of organic hydroperoxides is included within the
model, the formation of organic radicals was not included and would be in addition to calculated
production rates and concentrations. ROS production rates for iron, copper and quinones were
assumed to be equal to O, production rates, as O, is a precursor of all of the other ROS species.

ROS concentrations, shown in Figure 2C, were non-additive due to the coupling of Fe and Cu
and their ability to destroy and produce ROS. For example, at a PM2.5 concentration of 400 pg m™ the
calculated ROS concentration with iron, copper, SOA and quinones separately and adding these
together was up to 3.5 times as high as running the model with all of these PM2.5 components. Due to
ROS concentrations being non-additive, an increase of PM2.5 leads to a non-linear increase in ROS
concentration due to ROS destruction by Fenton-like reactions for high PM2.5 concentrations in
Figure 2C. Nevertheless, ROS concentrations are expected also to be above a critical level in a heavily
polluted biomass burning plume in Indonesia. Production rates of ROS, OH and H,0,, shown in
Figure 2A and Supplementary Figure 5, were additive, within 35 %, 12 % and 15 %, respectively.

Chelating ligands were not specifically considered within the model, as water molecules are
mostly acting as ligands in diluted aqueous solutions. Lakey et al.” recently demonstrated that several
different organics which should act as ligands towards transition metal ions (malonic acid, citric acid,
1,2-diaminoethane, and tartronic acid) did not alter the reactivity of Cu?*" with HO,/ O, which leads to
H,0, formation. However, upon addition of oxalic acid a decrease in reactivity of Cu>” with HO,/ O,
was observed, although this only occurred when oxalate was at very high concentrations (10:1 molar
ratio of oxalate: copper). Some chelating ligands are also known to increase the rate of H,O,
decomposition due to reaction with Fe?*. Addition of halide, sulfate, selenite, trimetaphosphate and
tripolyphosphate increased the rate of decomposition of H,0, by Fe** by a factor of 2 — 3%, The fulvic
acid complex, and the oxalate complex have both been shown to increase the rate of H,O,
decomposition by Fe*" and may also alter the products to form Fe(IV), whereas phosphate ligands can
suppress the rate of the reaction®. We found that the ROS concentrations may decrease by ~25 % on

average if the rate of hydrogen peroxide destruction by Fe®" is increased by a factor of two, for

5



180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216

example if ligands increased the reactivity of the iron. However, there remains uncertainty as to the
level of complexing of transition metal ions within the ELF. It should also be noted that there is some
variability in the antioxidant concentrations within the ELF; for example, Rahman et al.™ reported an
ascorbate concentration, which is 2.5 times higher than the concentration reported by Mudway and
Kelly103 as shown in Table S3. By using the antioxidant concentrations reported by Rahman et al.*, an
average increase of ~20% would be predicted for the ROS concentrations shown in Fig. 2C due to
faster reactions between antioxidants and redox-active components.

In Figure 2D, the effect of removing 50 % of the water soluble fractions of individual or
multiple redox-active components upon ROS concentrations within the ELF was investigated. At high
PM2.5 concentrations (>~100 pg m™) the removal of iron will increase ROS concentrations, because
iron destroys H,0O, by the Fenton reactions (R26, R30) as also observed experimentally in
Supplementary Fig. 2A. This is why ROS concentrations saturate or decrease as PM2.5 concentrations
increase in Fig. 2C. At lower PM2.5 concentrations, iron contributes more to H,O, production (R24,
R25) rather than destruction, and thus the removal of iron decreases ROS concentrations.

Supplementary Figure 4A shows the production rates of OH and H,O; calculated as a function
of ambient concentrations of iron, copper, and quinones. With increasing pollutant concentrations,
H,0, production rates increase by multiple orders of magnitude from ~107 pmol L™ s™" under clean
conditions up to ~10> pmol L™ s™ at highly polluted conditions. The production rates of OH radicals
are several orders of magnitude lower but show an even steeper increase with pollutant concentrations
(from ~10”° pmol L s up to ~10 pmol L™ s™), in particular with iron and copper ions catalyzing both
the formation of H,O, and the conversion of H,O, into OH by Fenton-like reactions. At very high iron
and copper concentrations, OH production rates are thus almost as high as H,O, production rates.

As a function of PM2.5 concentration, Supplementary Figure 5 shows H,O, and OH
production rate corridors, the range of OH production rates induced by SOA, Fe, Cu, and quinones
contained in PM2.5, respectively. The corridors are based on a compilation of the measured
components accounting for a certain percentage of the PM2.5 mass in different cities (see
Supplementary Tables 4-7). Overall, the H,O, production rate is dominated by Cu and Fe, whereas
OH production rate is led by SOA and iron followed by Cu and quinones, mainly reflecting the
abundance of each species. Note that recent studies have shown that humic-like substances (HULIS)
emitted from biomass burning contain high amounts of quinones that may contribute substantially to

ROS production®**.

S3. Reactions of oxidants with surfactants and antioxidants

Figure S6 illustrates the temporal evolution of antioxidants, surfactants, and two oxidants of
ozone and OH radicals, when ELF in the nasal cavity and the bronchi are exposed to 100 ppb O3 and
5x10° cm™ OH. The oxidant concentration was kept constant over time, assuming negligible loss of

oxidants within the nasal cavity and bronchi over the time period of a single breath of a few seconds.
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Fig. S6A shows degradation of total antioxidants by reactions with ozone and OH. Due to the high
abundance of antioxidants, antioxidants are depleted only slightly by ~11% in the nasal cavity. In the
bronchi the initial antioxidant concentration is higher due to the higher concentration of glutathione.
Fig. S6B represents the depletion of surfactants (proteins + lipids) in the different regions of
respiratory tract. After 1 hour ~70 % of surfactants were degraded mainly due to reaction with Os. It
should be noted that changing the antioxidant concentrations to those reported by Rahman et al.* (as
discussed above) had little impact upon the results shown in Fig.S6C and S6D. Inhaled Os still rapidly
saturates the ELF in all regions of the respiratory tract and inhaled OH is still rapidly scavenged by the
surfactants and antioxidants near the surface of the ELF.

Some studies have measured much larger rate coefficients by 2 — 4 orders of magnitude for
Reactions 1-4 (although this could be attributed to reactant concentrations as in early studies extremely
high O concentrations were used, and the method by which the O; contacted the fluid as discussed in
5%). To investigate the effect of these larger rate coefficients upon the temporal evolution of O3 within
the ELF, k, — ks were increased to ~10"° - 10"*cm’ s™' °*“. In the nasal cavity, the O; concentration
next to the cells and tissues became significantly smaller than the saturation concentration. In the
alveoli and bronchi, O; was again saturated without any significant concentration gradients despite
these higher rate coefficients.

Using the derived uptake coefficients (yo3 = 2 x 107 and you = 0.96 in all regions of the
respiratory tract) and the surface area of the nasal cavity, bronchi and alveoli (Supplementary Table
3), the number of molecules of O; and OH removed in the different regions of the respiratory tract can
be estimated. At 100 ppb Os and 5%10° cm™ OH and assuming that 1 breath of air consists of 2 L, after
1 second O; concentrations would decrease by ~0.6% and ~20% in the nasal cavity and bronchi,
respectively, whereas OH would decrease by 2% and more than 100% in the nasal cavity and bronchi,
respectively. Thus, substantial amounts of O; and OH would pass through the nasal cavity and the
majority of the loss would occur in the bronchi and alveoli region. This is consistent with estimated
chemical half-lives (¢, the time at which the concentration reached half of the initial concentration)
of gas-phase O; and OH being on the order of ~10 s in the nasal cavity, ~1 s in bronchi, and ~10 ms in
alveoli. Note that turbulent flow within the nasal cavity can occur within a person who is exercising
and in this case most of OH radicals would be expected to be lost within the nasal cavity. For ambient
OH radicals, ¢, is the longest in the nasal cavity, reflecting that OH loss is mainly limited by gas-

phase diffusion.

S4. pH effects on the products
The mean ELF pH of a healthy person has been measured to be ~ 7.4. However, people with
diseases such as asthma or acid reflux can experience a decrease in ELF pH down to ~4. The ELF can

68,69

also be acidified in children or by the inhalation of acidic particles” . Therefore, it is important to

quantify the reactions occurring and the products formed within the ELF at different ELF pH. The
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rates of reaction between ozone and the antioxidants are highly dependent upon the pH of the ELF.
Enami et al. measured pH dependence of rate coefficients for ozone with ascorbate to be k(pH7)/
k(pH3) = 2.73"°, the pH dependence for ozone with uric acid was k(pH7)/ k(pH4) = 380 "', for ozone
reacting with glutathione the dependence was k(pH9.2)/ k(pH3.5) = 587 and finally the dependence
for ozone reacting with a-tocopherol was k(pH9.3)/ k(pHO) = 3807*. At lower pH, the ratio of products
changes with a greater ratio of harmful ozonide, peroxide and epoxide products formed from
Reactions 1, 2 and 4. Ozonides are strong oxidizers which can cause significant oxidative damage in
vivo”". In the presence of iron (II), ozonides may also form cytotoxic carbon-centred radicals””. Uric
acid epoxide (UA-O) could be enzymatically converted to inflammatory 1,2-diols in vivo™®.

The pH dependence of the rate coefficients was incorporated into KM-SUB-ELF by assuming
that the pH dependence was fully due to the non-protonated antioxidant reacting at a faster rate than
the protonated antioxidant. The pKa of the four different antioxidants is known (pKa(Asc) = 4.1,
pKa(UA)= 5.4, pKa(GSH) = 8.8 and pKa(a-toc) = 13) and the ratio of the protonated to deprotonated
antioxidant could be calculated. Therefore, simultaneous equations can be solved considering the
concentration of antioxidant in both the protonated and unprotonated form at two different pHs as well

as the change in the rate of reaction between these pHs. The resulting equations are shown below:

ki (pH) = 0.8625 x 10®KaAs) =PI/ (] gPKalAs)-pE) 1y 4 5 7394 x
(1- 10(pKa(Asc)-PH)/ (lo(pKa(Asc)-pH)+ 1))/ 2.7314 x ky(pH = 7.4) (E1)

ky (pH) = -14.48 x 10PKUA) -PH) /(1 ®KaUA-PH) 4 1y 389 9] x
(1- 10K EV=P /(PR BRI + 1)) /385.91 x ky(pH = 7.4) (E2)

ks (pH) = 0.9996 x 10PKAGSHI-PH) /(] ((PKa (GSH)-pH) 1 1)+ 8() 692 x
(1- 10PKa (GSH)-pH) / (1O(pKa (GSH)-pH) | 1))/ 4.051 x ks(pH = 7.4) (E3)

ks (pH) = (1 ((PKa(e-Toc) - pH) (10(pKa(a-Toc)-pH) +1)+1.9 x 106 x -
(1- 10(PKaleToo)=pH) / (qg(pKate-Toc)-PH) 4 1y y/ 5 77D x Joy(pH = 7.4)

The following equations were incorporated into the model to describe the ascorbate products
(DHA, AOZ, THR) ratios ", and the uric acid epoxide, peroxide and ozonide products (UA-O, UA-

0,, UA-O;) "' as a function of pH (Supplementary Fig. 9).

[DHA] = (-0.5786 x 10PKaAse)-PH) /(] o(PKalAse)-PH) 1) 4 () 8414) x Asc products (E5)
[AOZ] = (0.1038 x 10PKaAse)-PH) /(] oPKalAse)-PH) 1 1) 4 0 0086) x Asc products (E6)
[THR] = (0.4748 x 10PXaAs0 =P/ (1 gPKalAsa)-P) 4 1y 4 () 15) x Asc products (E7)
[UA-O] = (-0.0687 x 10®*UA-PH) /(1 oPKaUAY-PH) 1 1) 4 0 9054) x UA products (ES)
[UA-02] = (0.0051 x 10PKUA)-PH) /(1 ®KaUA-PH) 4 1y 4 . 0322) x UA products (E9)
[UA-03] = (0.0636 x 10PKUA) P /(1 ®KaUA-PH 4 1y 4 . 0614) x UA products (E10)
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Supplementary Figure 10 shows the expected production of the ascorbate and uric acid
ozonation products after 1 hour as a function of pH and the temporal evolution of these products as a
function of time and at an ELF pH of 7.4 and 4. Ascorbate ozonide (AOZ) increased from 3.7 x 10"
cm™to 1.8 x 10" ecm™ from pH 7.4 to pH 4 after 1 hour. Increased oxidative stress of lung cells and
tissues in people suffering from pulmonary diseases could be due to such increase formation of AOZ.
In contrast, UA-O, UA-O, and UA-Oj; are several orders of magnitude smaller at pH 4 compared to
pH 7.4.

It should also be noted that Enami et al.” previously showed that the presence of a-tocopherol
can lead to a decrease in the concentrations of secondary oxidants, such as AOZ and THR. However,
the rate coefficients for these reactions remain uncertain and we have therefore not included them
within the model. There is also the potential that some of the other secondary oxidants would further
react with other antioxidants, although this remains unclear and should be the subject of further
investigation. Enami et al.”’ have also previously reported that at low pH the products of the GSH +
OH reaction would be sulfenic GSOH , sulfinic GSO, , and sulfonic GSO; acids rather than GSSG.
GSSG is relatively inert and acts a signaling molecule but GSH-sulfenic acid is highly reactive toward
oxidants such as ozone’’. This may have implications for people with an acidic ELF, such as people
suffering from asthma.

Lipid ozonation products are a mixture of aldehydes and hydroxyhydroperoxides, which are
much more soluble than the initial lipids that may diffuse through the ELF to the lung epithelium®.
These oxidation products may react with lipases in the lung epithelium releasing endogenous

mediators of inflammation”>’®

. Bulk concentrations of lipid ozonation products are estimated to be up
to ~1.5 x 10" cm™ (24 mmol L") within the alveoli ELF and up to ~7.5 x 10" cm” (0.1 mmol L™
within the nasal cavity ELF after one hour exposure of 100 ppb Os;. Note that there are currently no
studies of O; reactions with surface lipids and proteins over a range of pHs and therefore a change in
rate constant and products is currently unknown, which could be important as ozone lipid oxidation
products have been shown to be harmful®*™®,

Regarding pH effects on ROS generation by PM2.5, it is known that pH would affect the
solubilities of Cu and Fe and also the rate constants of the Fenton and Fenton-like reactions. For
example, the rate of reaction R26 will increase by about one order of magnitude between pH 6 and pH
7". However, we do not attempt to investigate the effect of pH upon ROS concentrations by PM2.5

inhalation in this study due to a lack of experimental data for H,O, and OH generation in lung fluid as

a function of pH; this aspect should be subject to future experimental and modeling studies.
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691 Supplementary Figure 1: A schematic of the KM-SUB-ELF model. The symbols X; and Y;represent
692  volatile and non-volatile species, respectively. Green and red arrows denote mass transport and

693  chemical reactions, respectively. Adapted from Shiraiwa et al.'.
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Supplementary Figure 2: Reactive oxygen species (ROS) concentrations in surrogate epithelial
lining fluid. H,O, concentration as a function of time at different concentrations of Fe ions (A) and Cu
ions (B). OH radical concentration after 24 hours as a function of Fe ion concentration (C) and Cu ion
concentration (D). The symbols are measurement data points (for H,0,® and for OH?), and the lines
are KM-SUB-ELF model results. In panel (A) the fluid contained 20 nM 1,2-NQN. The error bars

represent assumed 20 % errors in the measurement points.
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Supplementary Figure 3: Sensitivity studies of the effect of iron and copper solubility upon the

importance of removal of 50 % of different redox-active components of PM2.5 and the results shown

in Figure 2D. The soluble fractions of iron and copper were assumed to be (A) 25 % for Fe and 60 %

for Cu, (B) 5 % for Fe and 20 % for Cu, (C) 5 % for Fe and 60 % for Cu and (D) 25 % for Fe and 20

% for Cu.
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Supplementary Figure 4: (A) The OH and H,O, production rates as a function of different
concentrations of Fe, Cu or quinones and (B) ROS (H,O, + OH + O, + HO, + O;) concentrations in
the bronchi after 2 hours of exposure to Fe, Cu, quinones or Os;. Note that for all simulations each

component was varied with the other concentrations set to zero.
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Supplementary Figure 5: Chemical exposure-response relations between air pollutants and ROS in
the human respiratory tract. (A) PM2.5 — H,O, production rate corridors (i.e. the range of production
rates induced by SOA, Fe, Cu, and quinones contained in PM2.5, respectively). (B) PM2.5 - OH
production rate corridors. Different cities are shown by markers (see SI text and Supplementary Tables

4 — 6 for more details).
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Supplementary Figure 6: Fractional change of (A) OH and (B) O, concentrations in the ELF upon
removal of 50% of redox-active components from PM2.5 calculated for selected geographic locations

with different PM2.5 concentration levels and composition (Supplementary Table 7).
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Supplementary Figure 7: Temporal evolution of antioxidants, surfactants and oxidants when exposed
to 100 ppb O; and 5x10° cm™ OH for 1 h. (A) Total antioxidant concentrations in the nasal cavity
(green), bronchi (blue) and alveoli (red). (B) Concentrations of surfactants in the nasal cavity, bronchi
and alveoli. Bulk concentration profiles of ozone (C) and OH (D) within the ELF in the nasal cavity.
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Supplementary Figure 8: Chemical half-life of antioxidants and surfactants in the epithelial lining
fluid of the nasal cavity (green), bronchi (blue), and alveoli (red) as a function of (A) ambient
concentrations of OH and (B) PM2.5. Deposition of PM2.5 within ELF can lead to formation of OH

radicals, which can react with antioxidants and surfactants.
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Supplementary Figure 9: (A) Measured’® and modeled ratio of products of the reactions between
ozone and ascorbic acid as a function of pH: threonate (THR) / dehydroascorbic acid (DHA) (red) and
ascorbate ozonide (AOZ) / DHA (black). (B) Measured’' and modeled ratio of products of the
reactions between ozone and uric acid as a function of pH: uric acid ozonide (U- Os) / epoxide (U-O)

(black) and uric acid peroxide (U-O,) / U-O (red).

22



750

751
752
753
754
755
756

757

B 17 o
A 1o T T T % 10 ' ' ' J400 S
—~ F 410 2 o 3
? ar E @ IS o
S C ] g S 2
< 2t 3 - 10 s
S ol L 3 :
2 10 £ S V)
- F 31 g - 1 =
5 T E & g
£ 4 3 2 5 =
4 =y S 01 o
5 10" F —poz P2 -% e
® E <401 = ‘E =
g 1 3 0.01 3
§ of P C3_> § s
SRPIRE 2T S .
8 10 | | | V-A _
4 5 6 7 8
C D
;
0 10 o
e ) ¢ S
IE g £ 100 Q
S g S ]
IS g 5 10" g
£ s £ . 3
5 T g 0z
g ' 3 3 g 10 -3 g
S B --- AOZ 10" < 9 _ UA-O 10 =
(&) "'pH—7.4 . - O . - r
10" —pH=4 pHA PRRES 10" RO —uso2 |, =
-« THR [ 10 pH =4 UA-03 7| 10
T - | \ | . | . 10" | . | L 1 L
0 1000 2000 3000 0 1000 2000 3000
Time (s) Time (s)

Supplementary Figure 10: pH effect on oxidation products of ozonolysis of ascorbate (A, C) and uric
acid (B, D) within ELF in bronchi after one-hour exposure of 100 ppb Os. (A) Concentrations of
ascorbate ozonide (AOZ), dehydroascorbic acid (DHA), and threonate (THR) as a function of pH. (B)
Concentrations of uric acid epoxide (UA-O), peroxide (UA-QO,), and ozonide (UA-O5) as a function of
pH. Temporal evolution of ozonolysis products of (C) ascorbate and (D) uric acid at an ELF pH of 7.4
(dashed lines) and pH 4 (solid lines).
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Supplementary Table 1: A summary of the chemical reactions and rate coefficients included in the

KM-SUB-ELF model.

Reaction Reaction Rate coefficient/ Reference
number cm’s’!
O; reactions
1 Asc +O; —» DHA + AOZ+THR & =9.1 x 107 65
2 UA + 03 — UA-O + UA-O, + k=9.6x10" 65
UA-O;
3 1.25GSH + 0.50; — 0.5(GSOs + k3 =19.6 x 102" 65
GS05%)
4 0-Toc + 03 — a-TO + 0-TOy + a- ks =12 x 1078+ 65
TO; + a-TO4 + a-TOs
5 SP-B,,s+ O; — Products ks=1.0x 10" 67,80
6 POG + O3 — Products ke=4.5x10"° 21
OH reactions
7 Asc + OH — Products k,=18x 10" 81
8 UA + OH — Products ks=12x 10" 82
9 GSH + OH — Products ko=1.7x 10" 83,84
10 a-Toc + OH — Products kio=4.5x10" 85
11 SP-B,,s+ OH — Products kn=1.7x10" 86-88
12 POG + OH — Products kin=1.7x 10" Assumed to be the same
as R11
Reactions involving semiquinones
13 PQN + Asc — PQN' + Asc’ kiz=12x107 3
14 PON + O, —» PON + 'Oy ks =4.6 x 107" See text & Supplementary
Fig. 11
15 PQN + O, + 2H" — PQN + H,0, kis=3.3x10" See text & Supplementary
Fig. 11
16 1,2-NQN + Asc — 1,2-NQN" + kig=1.5x10" 3
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17

18

19

20

21

Asc

1,2-NQN" + O, — 1,2-NQN + 'Oy

1,2-NQN + O, + 2H — 1,2-
NON + H,0,

1,4-NQN + Asc — 1,4-NQN'"+
Asc

1,4-NOQN + O; — 1,4-NQN + 'Oy

1,4-NQN + O, + 2H" — 1,4-
NQN + H,0,

Reactions involving iron

22

23

24

25

26

27

28

29

30

31

Asc + Fe*" — Asc + Fe?'

Asc + Fe'Y — Asc + Fe*'

Fe’" + 0,— 0, + Fe*"

Fe’" + 0, + 2H — Fe* + H,0,
Fe’ + H,0, — Fe* + OH + OH
Fe’ + OH — Fe* + OH

Fe’ + H,0, — Fe* + HO, + H*
Fe* + HO, —» Fe* + O, + H'

Fe*" + H,0, — Fe'VO* + H,0

Fe'V + Fe?" — 2Fe*

Reactive oxygen radical reactions

32
33
34
35

H,0, + OH — H,0 + HO,
OH + OH — H;0,

OH + HO; — H,0 + 0O,
HO, + HO; — H,0, + O,

ki =4.6x10"

kig =3.3x10™"

kig=6.3 x 10!

kyo=4.6 x107"

ky =3.3x10™"

ky=1.1x10"

ky3=7.6 x 107"

kyy =52 %107

kys=3.1x 10"

kye=4.3x 10"

kyy=53x10"
ks =3.3 x 107

kyo=3.3x 101"

kp=9.5x10"

ky=6.6x10"

kyn=55x10"
ks3=8.6x 107
kyg=12x10"
kys=14x10"

26

See text & Supplementary
Fig. 11

See text & Supplementary
Fig. 11

3

See text & Supplementary
Fig. 11
See text & Supplementary
Fig. 11

See text & Supplementary
Fig. 11

See text & Supplementary
Fig. 11

See text & Supplementary
Fig. 11

See text & Supplementary
Fig. 11

See text & Supplementary
Fig. 11

89

90

91

See text & Supplementary
Fig. 11
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94
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36 H,0, + HO, — H,0 + 0, + OH
37 HO, + 0, — H,0, + OH + 0,
38 ‘0, + OH — 0, + OH

39 HO,= H + 0y

Reactions involving copper

40 Asc + Cu®"— Asc' + Cu”

41 Cu" +0,— 0, + Cu™

42 Cu"+HO,+ H' — Cu*" + H,0,
43 Cu"+ H,0, —» Cu” + OH + OH
44 Cu"+ H,0, — Cu*" + 20H

45 Cu'+ Cu’" — 2Cu*"

46 Cu* + H,0, » Cu'+ HO, + H"
47 Cu” +0, - Cu'+ 0,

48 Cu”"+HO, —» Cu'+ O, + H

49 Cu'+ HO, — H,0, + Cu”" + OH’

Other reactions

50 2 Asc + H — Asc + DHA
51 Asc + O, — Asc' + H,0O,
52 OH + Benzoate — p-HBA
53

SOD
‘0, +0,+ 2H — H,0,+ 0,

ks =5.0 x 10!

ky;=1.7x10"
kyg=13x 10"
K.=2.1x107

k39,bwd =1.0x 10-11
k39, fwd = 2.3 % 105 S-1

ko=1.4x10"

k=69 %107

kop=58x%x10"

kyy=2.4%x107°

kas=5.0x 10"

kis=5.8x 10"
kag=3.8 x 107

ks =83 x 107"

kig=1.6x 10"

kag=2.3x 10"

kso=5.0x 107"°
ks; =5.1 % 10-17

ks;=5.0x 107"
ks3=2.7x 10"

27

See text & Supplementary
Fig. 11

See text & Supplementary
Fig. 11

See text & Supplementary
Fig. 11

See text & Supplementary
Fig. 11

See text & Supplementary
Fig. 11

98

See text & Supplementary
Fig. 11

See text & Supplementary
Fig. 11

See text & Supplementary
Fig. 11

See text & Supplementary
Fig. 11

99

See text & Supplementary
Fig. 11
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768  Asc, UA, GSH and o-Toc represent both the protonated and deprotonated species which will be
769  present in different quantities at different pH.

770 " Units are cm**s™.

771 7 This is a maximum value based upon &,/ k; > 75.

772 "™ This is amaximum value.

773
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774

775
776

777

778
779
780

781

782
783

Supplementary Table 2

Input parameters of the KM-SUB-ELF model.

Parameter

Description

Value

0is,0,0H, Os,0,03; %5,0,02
Hos

Hou

Ho

D o1, Db,03, D b,02

Dy 40, D b products

Surface mass accommodation of OH O3 and O, at time zero
Henry's law constant of O3

Henry's law constant of OH

Henry's law constant of O,

Bulk diffusion coefficient of OH, O; and O,

Bulk diffusion coefficient of antioxidants and products

1

1% 10° mol em™ atm™ *
0.03 mol cm” atm™ *

1.3 x 10° mol cm™ atm™ *
1%x10°cm’s”

1% 107 em’s™

T4,0H> Td,03, Td,02 Desorption lifetime of OH, O3 and O, 107s

003 Effective molecular cross-section of O3 48x10" cm
OOH Effective molecular cross-section of OH 2.4x 10" em
oo Effective molecular cross-section of O, 3.7x 10 em
w03 Mean thermal velocity of O3 3.6x10° cms™
o on Mean thermal velocity of OH 6.1 x10" cms™
[oXey Mean thermal velocity of O, 44x10"cms”
D03, Dgon Gas phase diffusion coefficient of O3 and OH 023 cm’s”

“Values are from reference '

Supplementary Table 3: Epithelial lining fluid characteristics: literature values of the ELF thickness,

antioxidant concentrations, surface area and diameter of respiratory tract in the nasal cavity, bronchi

and alveoli.

Nasal cavity Bronchi Alveoli
ELF thickness (pm) 10 0.5 0.05
Antioxidant conc.”
Ascorbate (UM) 28 40 40
Uric acid (uM) 225 207 207
Glutathione (M) 0.5 109 109
a-Tocopherol (uM) 0.7 0.7 0.7
Surface area (cm?) 180 4500 885000
Diameter of the

4.5 1 0.02

respiratory tract (cm)

* Mudway and Kelly'”.

18
** Cross et al. .

104 . 105
**% QOchs et al."™, Franciscus and Long .
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Supplementary Table 4: Properties and effects of fine particulate matter with particle diameters less than 2.5 pm (PM2.5) at various locations: measured mass
concentrations of PM2.5, Fe, and Cu in ambient air and calculated production rates and concentrations of ROS, after two hours of exposure, in the epithelial

lining fluid (ELF).

Ambient mass

Ambient mass

Location . . References ELF production rates ELF concentrations
concentrations fractions
H,0 ROS ROS
Cu Fe OH OH H,0, frf)n: from Fe from Cu o, Total ROS
PM2.5 Fe (ng Cu from Fe from Cu from Fe Cu OH HO, (nmolz ) (= H0,)
(ngm?  mP)* (ng %) (%) mol 1 57 ol (pmol L (pmol L™ (nmol L)** (nmol L) e (nmol L)
m>)* ¢ (pmol L' s) ® ) (pmol L' s) (l_), o ok ik
L7 sY) -1 -1
s7) s7)

f‘er:x;“ (wet 1.65 33 0.07 2.0 0.004 106 442 %107 1.86 x 107 2.50 zfg.x 4.65 x 10° 47.35 1.53 x 10 217x10°  2.05x10° 12.80
Mace Head ~4.2 ~5.68  ~0.71 0.13 0.02 38 1.41 x 107 1.65 x 107 0.44 2.07 85.02 4.03 x 10° 3.15 % 10™° 2.15x10° 2.02x 107 13.46
f‘er:x;“ (dry 487 19 0.80 0.39 0.02 106 1.52 x 10> 2.14 x 107 1.45 2.33 276 x 100 4.53 x 107 3.83x 1070 282x10°  2.65x10° 17.46
Edinburgh 7.1 27.6 1.39 0.39 0.02 37 3.14 x 107 6.00 x 107 2.10 3.67 3.94 x 107 7.13 x 107 574 x107"° 417 x10°  3.93x 107 25.77
West Midlands
(UK, rural, 7.6 51.3 13.5 0.68 0.18 8 1.02 x 10" 3.04 x 107 3.84 17.57 6.98 x 107 3.34 x 10° 8.38 x 107" 1.57 x 107 1.48 x 107 91.97
median)
West Midlands
(UK, urban, 9.0 80.2 13.9 0.89 0.15 8 232 %10 3.19 x 107 5.88 17.89 1.03 x 10° 3.40 x 10° 1.11 x 10? 1.65 x 107 1.56 x 107 96.15
median)
Skukuza _y 6 2 2 -10 -6 3
(South Africa) 9.4 51 0.41 0.54 0.04 107 1.01 x 10 5.75% 10 3.82 1.27 6.94 x 10 248 x 10 7.83 x 10 3.87x10°  3.64 x 10 24.84
Amazon
(Serro do 9.87 120 1.65 1.21 0.02 108 4.83 x 10" 7.88 x 107 8.64 4.13 1.45 x 10° 8.01 x 10 111 x 107 827x10°  7.80x 107 48.69
Navio)
Amazon -1 3 3 3 -9 5 2 2
(Cuiabd) 10.5 175 1.55 1.67 0.01 108 2.70 x 10 5.96 x 10 6.35 2251 1.11 x 10 424 x 10 1.31 % 10 1.86 x 10 1.76 x 10 1.09 x 10
West Midlands
(UK, rural, 10.5 87.1 20 0.83 0.19 8 9.21 x 10" 7.09 x 10° 12.24 3.94 1.94 x 10° 7.66 x 107 1.41 x 10? 9.89 x 10° 932 x 107 56.80
average)
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West Midlands
(UK, urban,
average)

Helsinki

Tampa
(Florida)

Toronto
South Phoenix

Tehran (inside
a school
dormitory)

Tehran (inside
a retirement
home)

South-Eastern
Italy
(background
sites)

Fukue island

(Japan)
Patras

Yeongwol
(Korea)

Budapest
South-Eastern
Italy
(industrial
sites)

Zabrze (Upper
Silesia,

Poland)

Chuncheon
(Korea)

Detroit

Megalopolis

11.6

11.8

12.7

12.7

12.95

22

23

23

23

102

96

79

55

147

102.13

130.78

86.8

102

124

430

85

160.8

234

87

21.9

3.1

24

2.5

7.6

22.17

25.1

3.1

Unkn
own

9.8

18.4

5.1

6.5

9.9

4.02

0.88

0.43

1.14

0.73

0.53

0.62

0.39

1.02

0.38

0.19

0.02

0.02

0.03

0.02

109

110

111

112

113

113

114

36

115

116

117

115

118

36

3.58 x 107

324 x 10"

2.26x 10

1.16 x 10™!

6.85 % 10"

3.62 x 10"

5.60 x 10

2.70 x 107

3.58 x 107!

5.09 x 10"

3.97 x 107

3.85

2.59 x 107!

7.97 x 10"

3.58 x 102

1.49

2.70 x 107

6.92 x 107

2.54 % 10*

1.63 x 10

1.73 x 10*

1.20 x 107

7.01 x 107

8.59 x 107

2.54 % 10*

N/A

1.12x 107

1.84 x 107

522107

6.07 x 10*

9.22 x10*

1.87 x 107

8.02 x 10

4.03 x10*

31

7.38

7.00

5.79

4.11

10.42

7.42

6.35

7.38

27.76

6.22

11.31

15.99

6.35

23.76

5.60

5.75

12.38

23.87

25.69

6.72

N/A

12.05

14.56

21.44

9.52

11.20

14.66

10.61

8.09

1.26 x 10°

1.20 x 10°

1.02 x 10°

7.43 x 107

1.70 x 10°

127 x 10°

1.55 x 10°

1.11 x 10°

1.26 x 10°

1.48 x 10°

4.42 x 10

3.56 x 10°

1.09 x 10°

1.82 x 10°

420 x 10

240 x 10°

1.11 x 10°

4.46 x 10°

1.30 x 10°

1.08 x 10°

1.11 x 10°

238 x 10°

4.48 x 10°

4.80 x 10°

1.30 x 10°

N/A

232 x10°

2.79 x 10°

4.05 x 10°

1.84 x 10°

2.15 x 10°

2.80 x 10°

2.04 x 10°

1.56 x 10°

1.5x 107

1.2x 107

1.09 x 10?

1.65 x 10”

1.18 x 10”

1.69 x 10”

1.99 x 10?

1.5x10”

N/A

1.86 x 10”

1.6 x 107

423 x 107

1.94 x 10?

2.38 x 107

1.84 x 10”

2.86 x 107

2.03 x 10°

1.96 x 107

8.67 x 10

6.7 x10°

1.34 % 107

7.44 x 10

1.97 x 107

2.13 x 107

8.42 x 10

N/A

1.27 x 107

122 x107°

227 %107

1.02 x 107

131 x107°

1.23 x 107

1.44 x 107

9.33 x 10

1.85 x 107

8.18 x 107

6.31 %107

1.26 x 107

7.01 x 107

1.86 x 107

2.01 x 107

7.94 x 107

N/A

1.20 x 107

1.15 x 107

2.14 x 107

9.58 x 107

1.23 x 107

1.16 x 107

1.36 x 107

8.79 x 107

1.15 x 10?

51.84

41.63

77.37

45.52

16 x 10

—_

1.25 x 10

52.05

N/A

75.44

75.66

1.19 x 10°

63.47

77.92

77.20

83.04

59.20



Tehran
(outside a
retirement
home)

South-Eastern
Italy (urban
sites)

Tehran
(outside a
school
dormitory)

Anaheim

Milan
(summer)

Jeddah City
(Saudi Arabia)

Hong Kong
Rio de Janiero
Katowice
(Upper
Silesia,Poland)

Porto
Marghera
(Italy)

Erzgebirge
(Germany)

Barcelona

Santa Catarina
(Mexico)

Escobedo
(Mexico)

Arnhem

Guangzhou
(rainy season)

24

26

26.8

29

29.2

31

31

35

36.15

37.78

38.95

40.18

238.81

78.8

280.28

29.6

186

590

140

307

157

200

188

260

466

25.99

5.7

32.42

39.6

5.6

5.7

35

8.2

9.3

52

1

1.08

0.11

2.08

0.48

1.05

0.11

0.12

0.15

0.05

113

113

119

120

121

122

123

117

124

125

126

126

57

1.54

22610

2.00

3.58 x 102

1.02

6.09

6.31 % 10"

2.30

7.66 x 107

1.57

N/A

9.08 x 107

7.35x 10

1.29 x 102

1.77 x 107

1.90 x 107

7.16 x 10*

7.35x 10"

1.46 x 107

1.36 x 107

1.69 x 107

2.41x10*

2.72 x 107

4.13 %107

2.94 x 107

3.13 x 107

6.56 x 107

32

16.30

5.79

18.86

225

12.96

36.91

20.48

11.07

13.87

13.08

17.60

29.85

31.41

16.45

N/A

26.21

10.25

29.69

33.25

14.76

10.15

10.25

31.03

13.00

14.10

38.73

19.69

17.36

17.77

2331

243 x10°

1.02 x 10°

2.72 x 10°

420 x 10

2.03 x10°

427 x10°
1.64 x 10°

2.89 x 10°

1.79 x 10°

2.15 x 10°

2.05 x 10°

2.58 x 10°

3.74 x 10°

3.86 x 10°

245 x 10°

N/A

4.89 x 10°

1.98 x 10°

5.48 x 10°

6.08 x 10°

2.82 x10°

1.96 x 10°

1.98 x 10°

5.71 x 10°

249 x 10°

2.70 x 10°

127 x 10°

6.96 x 10°

3.73 x 10°

330 x 10°

338 x 10°

438 x 10°

3.43 x 107

2.11 x 10°

3.99 x 107

222 x 107

3.02 x 107

5.43 x 107

2.79 x 10°

4.47 x 10°

3.09 x 107

3.37 %107

322 x 107

4.79 x 10°

5.66 x 107

5.86 x 107

435 %107

N/A

23x10°

1.05 x 107

2.53 x 107

2.5x10°

1.57 x 107

2.04 x 107

121 x 107°

2.63 x 107

1.41 x 107

1.56 x 107

1.14 x 107

3x10°

224 x 107

2.18 x 107

1.84 x 107

N/A

2.17 x 107

9.88 x 107

2.39 x 107

235 x 107

1.48 x 107

1.92 x 107

1.14 x 107

2.48 x 107

1.33 x 107

1.47 x 107

1.08 x 107

2.83 x 107

2.12 % 107

2.05 x 107

1.74 x 107

N/A

1.32 x 10

66.21

1.44 x 10

1.57 x 10?

93.07

1.01 x 10

7522

1.49 x 10°

86.42

93.19

71.02

1.77 x 10%

1.19 x 10°

1.14 x 10

1.09 x 10°

N/A



Mira Loma
(Southern
California,
average)

Taif (Saudi
Arabia,
residential
area)

Taif (Saudi
Arabia,
industrial site)

Azusa
Edison

Bursa
(Turkey)

Karachi
(Pakistan,
summer)

New Delhi
(summer, high
traffic
location)

Milan (winter)

Thessaloniki,
Greece (cold
period)

Thessaloniki,
Greece (warm
period)

Cordoba City
(Argentina)

Shanghai

Guangzhou
(dry season)

Yong'an
(China,
winter)

41.8

46

47

471

53

55.89

58.2

70.6

70.87

71.61

73.58

79.01

581

2000

2300

281.9

1953

875

3360

710

309

2890

4094

325

424.93

Unkno
wn

582.1

75

5.3

56

20

93

66

9.47

57.89

19.6

1.39

4.89

0.6

6.01

1.22

4.75

5.8

0.46

Unkno
wn

0.74

0.18

0.03

0.03

0.1

0.03

0.09

0.08

0.02

127

128

128

119

129

130

131

132

120

133

133

134

135

136

5.96

28.45

33.22

2.02

27.65

10.39

50.10

7.83

42.62

61.59

N/A

5.98

4.82 x 107

6.48 x 10

2.94 x 107

3.09 x 107

1.90 x 107

3.72 % 107

3.06 x 107

5.96 x 107

4.98 x 107

6.71 x 107

3.94 x 107

1.31x 107

1.74 x 107

321 x 107

571 %107

36.42

1.12 x 10

1.28 x 10°

18.98

1.10 x 10°

52.61

1.82 x 10°

43.44

20.60

1.58 x 10°

2.19 x 107

21.57
27.47

N/A

36.49

33

4733

17.36

17.68

14.76

18.94

40.36

2251

21.08

53.16

44.10

12.81

14.26

41.05

22.16

423 x 10°

7.21 x 10°

7.53 x 10°

2.73 x 10°

7.15 x 10°

5.20 x 10°

8.35 x 10°

4.69 x 10°

2.90 x 10°

8.03 x 10°

8.74 x 10°

2.99 x 10°

3.54 x 10°

N/A

424 x 10°

8.25 x 10°

1.88 x 10°

330 x 10°

336 x 10°

2.82 x10°

3.59 x 10°

7.21 x 10°

424 x 10°

3.98 x 10°

9.06 x 10°

7.78 x 10°

246 x 10°

2.73 x 10°

7.32 x 10°

4.17 x 10°

8.16 x 107

1.47 x 10°®

1.66 x 10°®

524 x 107

1.49 x 10°®

9.51 x 107

24x10°%

9.08 x 107

6.42 x 107

2.31x10%

29x10*

7.2 %107

7.96 x 107

N/A

9.91 x 107

3.57 x 107

321 %107

3.43x 107

1.9x10°

3.25x107°

2.65 % 107

4.07 x 10°

2.62x107°

2.13 x 107

426 x 107

422 x 107

1.75 x 107

1.97 x 107

N/A

2.5x10°

3.37 x 107

3.02 x 107

3.24 x 107

1.80 x 107

3.06 x 107

2.50 x 107

3.84 x 107

2.47 x 107

2.01 x 107

4,02 x 107

3.98 x 107

1.65 x 107

1.86 x 107

N/A

236 x 107

1.91 x 10

1.08 x 10°

1.11 x 10?

1.13 x 10

1.11 x 10?

1.21 x 10

1.20 x 10°

1.30 x 10°

1.27 x 10

1.34 x 10

1.19 x 10°

1.08 x 10°

1.15 x 10?

N/A

1.35 x 10



Yong'an
(China, spring)

Karachi
(Pakistan,
winter)

Ji'nan (China,
urban site)

Guangzhou
(China)

Agra (India,
urban)

Pune (India)

Beijing
(summer)

Ji'nan (China,
industrial site)

Beijing
(winter)

Beijing

New Delhi
(winter, high
traffic
location)

Peat fire
episode
(Indonesia)

83.26

98.44

101

104.58

104.9

113.8

125

130

138

182.2

276.9

640

736.1

3706

1040

66

1900

2090

1060

2410

1330

1180

1150

4810

16.5

39

30

60

200

339

44.7

40

53.2

70

70

100

0.88

1.03

0.06

1.81

1.85

0.96

0.42

0.75

0.02

0.06

0.19

0.3

0.02

136

131

137

138

139

140

137

141

142

132

143

8.29

55.56

13.02

0.16

26.75

29.84

13.32

35.01

17.58

15.19

14.70

72.80

435107

1.73 x 107

1.14 x 102

3.40 x 107

2.18 x 107

4.85x 10"

2.14 x 107

1.81 x 102

2.82 x 107

432 %107

432 %107

730 x 107

45.15

1.99 x 10

61.65

4.87

1.07 x 10?

1.17 x 10?

62.65

1.33 x 10

76.83

68.94

67.29

2.55 x 10%

20.06

33.00

28.47

41.87

80.44

107.60

35.58

33.50

39.24

45.56

45.56

54.74

4.79 x 10°

8.55 x 10°

5.63 x 10°

8.70 x 107

7.08 x 10°

7.31 x 10°

5.67 x 10°

7.64 x 10°

6.22 x 10°

5.93 x 10°

5.86 x 10°

9.05 x 10°

3.80 x 10°

6.04 x 10°

5.28 x 10°

7.44 x 10°

1.22 x 10*

1.45 x 10*

6.46 x 10°

6.12 x 10°

7.04 x 10°

7.99 x 10°

7.99 x 10°

9.27 x 10°

1.11x 108

2.87 x 10°®

1.49 x 10°®

8.39 x 107

2.37x10®

2.74 x 10°®

1.73 x 10°®

2.49 x 10°®

2.02 x 10

233 x10%

3.07 x 10

8.04 x 107

2.57 x 107

4.01 % 10°

3.1x10°

3.08 x 107

4.84 x 107

538 x 107

337 x10°

3.78 x 107

3.6x10°

3.78 x 107

38x10°

4.62x10°

243 x 107

3.78 x 107

2.93 x 107

291 x 107

4.57 x 107

5.09 x 107

3.18 x 107

3.57 x 107

3.40 x 107

3.56 x 107

3.59 x 107

436 x 107

1.30 x 10°

1.16 x 10?

1.43 x 10

221 x 107

1.96 x 10°

226 x 107

1.59 x 10?

1.28 x 10°

1.58 x 107

1.82 x 10°

1.99 x 10

1.49 x 10°

* Values within the table represent the total iron and copper concentrations. However, for calculations an iron solubility of 10% and a copper solubility of 40%
was assumed.

**ROS concentrations were calculated assuming an average percentage of PM2.5 of 30 % SOA and 0.005% quinones.
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Supplementary Table 5: Measured quinone concentrations within PM2.5 in the literature and OH, H,O, and ROS production rates calculated using the KM-

SUB-ELF model.

Ambient
Location Ambient mass concentrations mass References ELF production rates
fractions
PM2.5 (pg PQN 1,2-NQN 1,4-NQN o OH H,0, ROS
m'3) (ng m'3) (ng m'3) (ng m'3) (o) (pmol L' s'l) (pmol L' s'l) (pmol L' s'l)
Umea, Sweden 7.8 Not Not measured 0.03 N/A 144 2.32x 107" 1.93 x 107 3.77 x 10™!
measured
Athens 35.6 0.071 0.157 0.26 1.37 x 107 145 422 x 107" 2.61 x 107! 50.84
Mazar-e Sharif 69 Not Not measured 0.027 N/A 144 1.88 x 1077 1.74 x 107 339 x 10"
(Afghanistan) measured
Kabul 86 Not Not measured 0.2 N/A 144 1.03 x 107 1.29 x 102 2.51
(Afghanistan) measured
Atascadero
(southern ~5 0.023 0.0127 0.0246 ~5.63 x 107 146 327 x 107 2.30 x 107 4.48
California)**
Birmingham** ~15 4.6 3.2 1.7 ~0.063 147 1.77 x 107 5.36 1.04 x 10°
Chiang Mai, Not Not Not measured 0.051 N/A 148 6.71 x 10" 3.29 % 107 6.41 x 10"
Thailand available measured
Lake Elsinore
(southern ~20 0311 0.246 0.14 ~3.49 x 107 146 1.04 x 107! 4.09 x 107! 79.75
California)**
Norfolk, UK** ~5 0.058 0.024 0.012 ~1.88 x 107 149 1.12x 10 4.26 x 107 8.29
Riverside
(southern ~25 0.57 0.06 0.23 ~3.44 x 107 150 1.57 x 1071 1.59 x 10! 31.04
California)** »
< - < - X -
Ei;vz‘i‘f}:f’ ~ 40 3"328 <0.05-2.4 3‘?75 ~0.016 151 61'?321 y 1100_10 0.10 - 4.61 19.52 - 8.94 x 107
Tempe Not 0.427 Not measured  Identified N/A 152 9.97 x 107" 4.01 x 102 7.82
available

*PM2.5 concentrations were estimated based on the type of location (i.e. rural, city, megacity) and based upon known values for similar locations within

Supplementary Table 4.
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Supplementary Table 6: Measured SOA concentrations within submicron aerosols and PM2.5 in the literature and estimated OH H,0, and ROS production
rates.

Ambient
Location Ambient mass concentrations mass ELF production rates
fractions
Submicron
SOA o OH H,0, ROS
aeros(ol:; (:Ill'_3P;M2.5 (ng m?) (%) (pmol L'sh (pmol L1 s (pmol Lsh

Amazon® 1.8 0.34 18.9 0.14 0.05 0.18
Hyytiéld (Finland) 2 1.2 60 0.45 0.16 0.61
Storm Peak (CO,
USA) 2.1 0.7 333 0.27 0.09 0.36
Jungfraujoch
(Switzerland) 2.2 1.2 54.5 0.45 0.16 0.61
Duke Forest (NC,
USA) 2.8 1.3 46.4 0.50 0.16 0.65
Chebogue Pt.
(Canada) 2.9 1.5 51.7 0.56 0.18 0.74
Edinburgh (UK) 3 1.2 40 0.45 0.16 0.61
Mainz (Germany) 43 1.1 25.6 0.41 0.14 0.54
Boulder (CO, USA) 4.4 2.5 56.8 0.95 0.32 1.26
Manchester (UK, 52 0.6 11.5 0.23 0.07 0.29
winter)
Chelmsford (UK) 53 1.8 34 0.68 0.36 1.04
Vancouver
(Canada) 7 2.5 35.7 0.95 0.32 1.26
Okinawa (Japan) 7.9 1.7 21.5 0.63 0.20 0.83
Off New England 8.5 49 57.6 1.85 0.61 2.45
Coast
Thompson Farm
(NH, USA) 9.5 4.2 442 1.58 0.52 2.09
Zurich
(Switzerland, 9.6 43 44.8 1.62 0.54 2.16
winter)
Cheju (Korea) 10.7 4 37.4 1.51 0.50 2.00
Fukue (Japan) 11 3.6 32.7 1.35 0.45 1.80
New York City
(USA, winter) 11.6 2.6 22.4 0.97 0.32 1.28
New York City
(USA, summer) 12.2 4.8 39.3 1.80 0.61 2.41
Pinnacle Park (NY, 12.3 54 43.9 2.03 0.68 2.70
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USA)

Houston (TX, USA) 12.8 2.7 21.1 1.01 0.34 1.35
Tokyo (Japan, 13.2 47 35.6 1.76 0.59 2.34
summer)

Manchester (UK, 14.3 3 21 113 0.38 1.51
summer)

Pittsburgh (PA,

USA) 14.7 3.1 21.1 1.17 0.38 1.55
Tokyo (Japan, 16.2 23 14.2 0.86 0.29 115
winter)

Taunus (Germany) 16.3 7.9 48.5 2.97 0.99 3.96
Riverside (CA,

USA) 19.1 7 36.6 2.63 0.88 3.51
Zurich

(Switzerland, 25.5 5.1 20 1.91 0.63 2.54
summer)

Mexico City 26.8 8.1 30.2 3.04 1.01 4.05
(Mexico)

Guangzhou * 69.1 12.5 18.1 4.68 1.55 6.23
Beijing (China) 79.9 16.6 20.8 6.23 2.07 8.30
Shanghai (China)* 90.7 11.1 12.2 4.14 1.37 5.51
Beijing (China)™* 158.5 40.9 25.8 15.35 5.09 20.43
Xi'an* 345.1 53.5 15.5 20.07 6.66 26.73

*All concentrations are from Jimenez et al.">® (and references therein) with the exception of A = Huang et al.”™ and B= Péschl et al.'>.
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Supplementary Table 7: Fractional change of ROS, OH and O, concentrations upon 50% removal of redox-active components from PM2.5: ROS concentration
after 50 % removal divided by initial ROS concentration prior to 50 % removal.

Location Ambient mass concentrations References R(I)nSltcl:::lc Conc. / Initial Conc.
1 o N 50% Fe,
PM2.3 Fe | Cu SOA, (mol L) 5504, Fe 50% Cu  50% SOA 0% 50% Fe Cu and

(ng m™) (ng m™) (ng m™) (ng m™) * quinones and Cu SOA
Amazon 1.65 33 0.07 - 106 ROS: 12.9 0.591 0.966 0.979 0.994 0.552 0.530
OH: 1.53 x 10°71° 0.857 0.993 0.598 0.999 0.853 0.453
0, 2.06 x 107 0.572 0.964 1.001 0.994 0.531 0.531
Edinburgh 7.1 27.6 1.39 - 37 ROS: 27.5 0.879 0.756 0.956 0.990 0.619 0.574
OH: 5.77 x 10710 0.949 0.979 0.542 0.999 0.937 0.481
0, 421x10° 0.867 0.731 1.001 0.990 0.580 0.581
Toronto 12.7 55 2.5 - 111 ROS: 44.0 0.880 0.789 0.953 0.990 0.647 0.599
OH: 1.10 x 107 0.919 0.972 0.568 0.999 0.903 0.473
0, 6.71 x 10 0.862 0.766 1.001 0.989 0.605 0.606
Tokyo 16.2 - - 2.3 153 ROS: 92.4 0.912 0.816 0.989 0.995 0.690 0.677
OH: 1.69 x 107 0.646 0.903 0.827 0.997 0.583 0.412
0, 1.57 x 10 0.879 0.816 1.001 0.996 0.663 0.664
Budapest 20 430 18.4 - 116 ROS: 124.1 0.971 0.841 0.983 0.997 0.763 0.741
OH: 431 %107 0.668 0.923 0.820 0.999 0.615 0.438
0, 2.23 x 10 0.890 0.846 1.001 0.997 0.699 0.700
Hong Kong 29 140 5.7 - 122 ROS: 78.6 0.901 0.831 0.947 0.990 0.702 0.644
OH: 2.81 x 107 0.872 0.967 0.608 0.998 0.851 0.464
0, 1.20 x 10 0.863 0.811 1.002 0.988 0.645 0.647
Milan 58.6 309 18 - 120 ROS: 132.5 0.983 0.830 0.947 0.990 0.774 0.711
OH: 6.49 x 107 0.833 0.959 0.653 0.998 0.806 0.464
0, 2.10 x 10 0.910 0.820 1.003 0.989 0.697 0.699
Guangzhou 104.58 66 60 - 138 ROS: 234.5 1.009 0.753 0.928 0.990 0.755 0.680
OH: 8.42 x 107 0.961 0.986 0.537 1.000 0.952 0.491
0, 3.08 x 107 0.995 0.745 1.003 0.989 0.734 0.736
Pune (India) 113.8 2090 339 - 140 ROS: 238.6 1.380 0.786 0.978 0.997 1.050 1.012
OH: 2.81x 107 0.738 0.906 0.838 0.999 0.675 0.515
0, 5.23 x 107 1.005 0.870 1.001 0.997 0.864 0.865
Beijing 182.2 1180 70 - 142 ROS: 189.3 1.211 0.848 0.935 0.987 0.988 0.892
OH: 2.35x 107 0.820 0.959 0.693 0.997 0.791 0.489
0, 3.68 x 107 0.953 0.867 1.003 0.989 0.783 0.787
New Delhi 276.9 1150 70 - 132 ROS: 206.9 1.230 0.856 0.906 0.982 1.020 0.882
OH: 3.09 x 10°® 0.859 0.970 0.645 0.997 0.839 0.490
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0, 3.71 x 107
Peat fires 640 4810 100 - 143 ROS: 148.6

(Indonesia) OH:  8.04x10°®
0,:  436x102

0.955

1.350
0.850
0.978

0.867

0.934
0.983
0.944

1.004

0.921
0.676
1.001

0.982

0.983
0.996
0.983

0.787
1.208

0.834
0.887

0.793
1.046

0.512
0.892

*Initial ROS concentrations were calculated assuming average PM2.5 percentages of 30 % SOA, 1.3 % iron, 0.06 % copper and 0.005% quinones unless

concentrations were known.
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