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ABSTRACT: Previous studies have indicated the roles of both organic compounds and metals
in driving the cellular generation of reactive oxygen species (ROS); however, their contribution
Chelex colum:
has not been adequately quantified using mechanistic approaches. We developed a novel E“““'“m" ey .E "
Effluent Chelex eluate

fractionation scheme for the stepwise removal of various classes of organic compounds and W’ oot
metals using a combination of solid phase extraction columns. We applied this fractionation H
scheme to 10 PM, s samples collected from the midwestern United States. Because both water-  ——<— 0 — _t

fraction hydrophilic hydrophilic

soluble organic carbon (WSOC) and Fe have shown good correlations with cellular ROS, we fracton verophl o
separated them into different fractions and measured their ability to generate ROS in rat alveolar —F————|————————|——
macrophages. Most of the PM, 5 cellular ROS was attributed to the metallic fraction. To further :

explore the reason for the correlation of WSOC with ROS, we investigated the water solubility |

of Fe by measuring the total Fe in PM, 5 samples. The water-soluble fraction of Fe was tightly |

correlated with WSOC (r > 0.69), indicating WSOC may have an additional role in cellular |L Cellular Oxidative Potential Contribution
oxidative potential, probably through complexation of Fe, in enhancing its water solubilityand ~—~~ ~~ ~ T
macrophage ROS activity. This work reveals the role of both Fe and organic compounds through different mechanisms in
contributing to PM, s-driven cellular ROS.

A

KEYWORDS: cellular oxidative potential, water-soluble organic compounds, water-soluble iron, macrophage ROS, complexation,
solid phase extraction, chemical fractionation

H INTRODUCTION tion, their sources, and PM, cellular OP. Interestingly, we
found that among several measured organic and inorganic
components, only Fe and WSOC were strongly and
consistently correlated with water-soluble PM, s cellular OP
throughout all locations and seasons (Table S1, reproduced
from ref 26). However, because both Fe and WSOC were also
highly correlated to each other, it is difficult to infer if both of
these species contribute to the OP and, if so, to what extent.
Therefore, mechanistic techniques need to be adopted to
segregate the individual role of metals and organic compounds
in PM, ¢ cellular OP.

Previous mechanistic studies involving the macrophage ROS
assay are limited, and they have largely relied on using a
technique for removing a fraction of either component (i.e.,
the metallic or organic fraction). The main concern in these
studies is that the authors have not adequately assessed if that
technique explicitly removes the targeted fraction without
affecting other components. For example, the role of metals in
cellular OP has been assessed through chelation of water-

Oxidative potential (OP) denotes the ability of fine ambient
particulate matter (PM with an aerodynamic size of <2.5 ym
or PM,) to cause an imbalance of reactive oxygen species
(ROS) in biological systems. OP could be an important factor
in the PM, 5 toxicology ladder given its reported association
with several cellular end points such as mitochondrial damage,'
inflammatory response,” mitophagy,” lipid peroxidation,* and
autophagy.” Thus, understanding the contribution of PM,
components to OP should be helpful in explaining their roles
in PM, 5 toxicity.

There are both chemical® "' and cellular”'>"* assays for
measuring PM, s OP. One of the most widely used approaches
for measuring cellular OP is the macrophage ROS assay, based
on a rat alveolar macrophage cell line."*™"” Studies using the
samples from various sites such as Los Angeles, CA, Riverside,
CA, Seoul, Korea, Tehran, Iran, and Baghdad, Iraq, have
indicated that the cellular PM, s OP assessed by macrophage

. . 18 ~'715,1920 ~ 31

ROS assay is related to a few metals (i.e, Ba, ° Cd,""”*" Co,
18,21,22 15,22,23 18,21,22,24 20,21 £p: 15,24 18

Cr, """ Cu, 777" Fe, 77777"" Mn,””" Ni, 7" Pb

) )
V18192328 7 1922 o), organic carbon (0C),*** and Received: May 15, 2022

water-soluble organic carbon (WSOC).**** In our previous Revised:  July 13, 2022
study,”® PM, samples collected from five midwestern U.S. Accepted: July 14, 2022
sampling sites (Chicago, Champaign, and Bondville in Illinois, Published: July 18, 2022
St. Louis in Missouri, and Indianapolis in Indiana) were
analyzed to study the relationship among chemical composi-
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soluble PM extracts using Chelex resin (to remove all
metals)”' and deferoxamine (DFOA, to specifically bind
Fe).”’ Although these studies have indicated a substantial
contribution of metals to cellular OP (70—97%), the effect of
Chelex and DFOA treatment on the organic compounds was
not reported in either of the studies. On the contrary, the role
of organic compounds in cellular OP has been emphasized by
Pirhadi et al,”’ who removed both WSOC (~80%) and
macrophage ROS activity (~72%) by heating the aerosols to
100 °C. Although the authors reported that heating did not
affect the concentration of metals, its effect on other chemical
properties such as oxidation states and the solubility of the
metals, which are important for cellular OP, were not studied.
We hypothesize that the contradicting results on the dominant
role of metals’>*" versus organic compounds,”” as obtained
from these studies, arise from the limitations of their
experimental design, i.e., incomplete segregation of organic
compounds and metals.

The main objective of this study is to segregate and quantify
the role of metals (particularly Fe) and WSOC in water-soluble
cellular OP measured by the macrophage ROS assay.
Recognizing the limitations of the past studies, we have
developed a mechanistic scheme based on a combination of
solid phase extraction (SPE) columns, which can effectively
segregate the water-soluble PM, ; into recoverable metallic and
organic subfractions. Finally, through a combination of
statistical and mechanistic approaches, we showed that both
organic compounds and metals play an important role in
determining the cellular OP of the ambient PM, ;.

B MATERIALS AND METHODS

Sampling. Integrated PM, samples (72 h continuously
from Tuesday 0:00 to Friday 0:00) were collected in parallel by
the high-volume samplers (Thermo Andersen, flow rate of 1.13
m® min~") installed at five different locations: Chicago, IL
(CHI), St. Louis, MO (STL), Indianapolis, IN (IND),
Champaign, IL (CMP), and Bondville, IL (BON). A detailed
description of these sites is provided in our previous
publications.'””® The sampling schedule (Table S2) is
provided in the Supporting Information. A total of 241
samples were collected from May 22, 2018, to May 30, 2019.
However, for the purpose of this study, we chose only a few
samples for various segregation experiments, specifically, two
samples from each site (one collected during the summer and
another during the winter); thus, a total of 10 samples were
used for complete PM,; component segregation, and 51
samples collected from various sites, i.e., BON (N = 11), CHI
(N = 10), CMP (N = 8), IND (N = 11), and STL (N = 11),
were selected to assess the solubility of Fe and its association
with WSOC (see Table S2).

Extraction of PM, Filters and Preparation of SPE
Columns. The PM, ; water-soluble extracts were obtained by
cutting a circular section [~32 cm? corresponding to 1/12th
of a whole high-volume filter (8 in. X 10 in. in size)] of the
filter, immersing it in 20 mL of deionized water (DI), and
sonicating it for 1 h. The potential impact of sonication on the
alteration of the chemical composition and ROS generation is
discussed in Section S1 of the Supporting Information. After
sonication, the water-insoluble fractions such as fiber debris
were removed by the 0.45 pm syringe filter. The C-18 column
and Chelex columns were prepared separately by packing ~2 g
of C-18 and Chelex 100 resins, respectively, into polypropylene
gravity flow chromatographic columns (Econo-Pac from Bio-
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Rad). The C-18 column was preconditioned by first rinsing the
resin with 10 mL of methanol, followed by 10 mL of DI.
Methanol was used to activate the column. Because Chelex
100 resin is basic, it was pretreated with DI (~1 L) until the
pH of the effluent decreased to 7—8.

PM,; Fractionation Scheme. First, to assess if the
commercial chelation agents affect the relevant organic
compounds (i.e, compounds with known redox activity)
present in the ambient PM,; 9,10-phenanthrenequinone
(PQN, a model compound for ROS-active hydrophobic
organic substances) was used. We treated the PQN solution
with both Chelex and DFOA separately to assess if these
treatments may also affect the hydrophobic organic com-
pounds present in ambient PM,;. Although it was not
expected, both of the chelating agents removed the cellular
OP of PQN (Figure S1), showing the inadequacy of the
previous approaches”””" based on a chelation-only technique
for segregating the contribution of organic compounds and
metals to ROS generation and thus justifying the need for our
segregation scheme as discussed below.

Water-soluble organic and metallic fractions of PM, 5 were
separated by a two-step segregation procedure. PM, ; water
extracts of 10 samples (18 mL each) were first passed through
the C-18 column. The hydrophilic part was collected as the
effluent, while the hydrophobic part was retained on the C-18
resin and eluted in methanol (10 mL). The retained fraction
contains mostly hydrophobic organic compounds, also called
humic-like substances (HULIS), while the passed-through
fraction has hydrophilic organic compounds and metals.
Methanol-eluted HULIS were evaporated by N, gas to almost
dryness (i.e, ~20 uL), after which they were reconstituted in
DI to obtain the “water-soluble hydrophobic fraction”. Part of
the water-soluble hydrophilic effluent (12 mL) was passed
through a Chelex column. Metals in the water-soluble
hydrophilic fraction are retained on Chelex resin. Twenty
milliliters of DI was passed through the Chelex column to wash
away any WSOC residue left in the column. After this rinsing,
metals in the column were eluted by passage of 10 mL of 1 N
hydrochloric acid (HCI). Then, 9.5 mL of 1 N NaOH was
added to the HCI eluate to increase the pH to >2. This
solution was called the “water-soluble metallic hydrophilic
fraction”, and the metal-free effluent, which directly passed
through the Chelex column, was called the “water-soluble
organic hydrophilic fraction”. The schematic of our fractiona-
tion technique is illustrated in Figure S2. The negative control
for each fraction and/or sample was collected by treating the
DI in the same way as the PM, 5 extract and analyzing it via the
macrophage ROS assay. The results of all of these negative
controls are shown in Figure S3.

Because during the elution from the Chelex column, Fe(II)
is oxidized to Fe(II) (see Figure S4), which has very low
activity in the macrophage ROS assay,” ascorbate was used to
recover Fe(II) in the metallic hydrophilic fraction. Then, 188
uL of ascorbate [concentration varying on the basis of the
sample (see Figure SS for more details about choosing the
concentration of ascorbate)] mixed with 642 uL of 3 mg/L
dithiothreitol (DTT, to prevent the consumption of ascorbate
by Cu) was added to 1100 uL of the metallic hydrophilic
fraction, and the mixture was diluted by DI to 5000 uL. The
mixture was left at room temperature for 30 min to convert
Fe(III) to Fe(II). The concentrations of ascorbate and DTT in
the metallic hydrophilic fractions measured after 30 min were
<50 and <90 pug/L, respectively, in the PM samples. The
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Figure 1. Distribution of (a) Fe and (b) WSOC in different water-soluble PM, s fractions, i.e., hydrophobic (retained on the C-18 column),
hydrophilic (passed-through C-18 column), metallic hydrophilic (part of the hydrophilic fraction retained on the Chelex column), and organic
hydrophilic (part of the hydrophilic fraction passed through the Chelex column). Due to the presence of a trace of methanol, the hydrophobic

fraction was not analyzed for WSOC content.

metallic hydrophilic fraction was then neutralized by NaOH to
pH 7.4. This neutralization step increased the salinity of this
fraction; therefore, it was again diluted with DI to keep the
sodium chloride (NaCl) concentration below 9 g/L. Experi-
ments were conducted to ensure that the residual concen-
trations of DTT, ascorbate, and NaCl did not have any
significant impact or interaction with PM components for
affecting the cellular OP. Details are presented in Section S2 of
the Supporting Information (Figure S6).

Macrophage ROS Assay. The cellular OP of different
PM, s fractions was measured by the macrophage ROS assay,
which is conducted on rat macrophage cell line NR 8383. A
detailed description of this assay is provided in our previous
publication®® and also in Section S3 of the Supporting
Information. Briefly, cells, DCFH-DA, and the sample were
incubated at 37 °C and 5% CO, for 2.5 h, after which a small
aliquot of the mixture was withdrawn and measured for its
fluorescence at 488 nm excitation and 530 nm emission
wavelengths. Cellular OPs of the samples were expressed as the
percentage of the cellular ROS increase normalized by their
respective negative controls, as discussed above. Experiments
were conducted to confirm that the conversion of DCFH to
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DCEF was mostly by the cellular ROS, and not from the direct
oxidation by metals (Section S4 of the Supporting Information
and Figure S7).

Chemical Analysis. We measured the concentrations of
WSOC and water-soluble Fe in different fractions of the PM
samples. In addition to water-soluble Fe, water-soluble Fe(II)
was measured in the hydrophilic and metallic hydrophilic
fractions to determine the recovery Fe(II) from the Chelex
column. Both water-soluble Fe(II) and water-soluble Fe [i.e.,
Fe(II) and Fe(III)] were measured using the ferrozine method,
as described in our previous study.’®’' A brief description of
the Fe and WSOC measurement protocol, as adapted from our
previous publication,” is provided in section S5 of the
Supporting Information.

In addition to the analysis of segregated PM fractions, 51
ambient samples (see Table S2) were analyzed to assess the
water solubility of Fe (expressed as water-soluble Fe divided by
total Fe) and its relationship with WSOC content. Water-
soluble Fe on these samples was measured using a NexION
300X inductively coupled plasma mass spectrometer (ICP-MS;
PerkinElmer, Waltham, MA).”® The total Fe was measured
with a Shimadzu EDX-7000 energy-dispersive X-ray fluo-
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Figure 3. Correlations of WSOC with the water-soluble fraction of Fe in the PM, s samples collected from various sites, i.e.,, (a) Chicago, (b) St.

Louis, (c) Indianapolis, (d) Champaign, and (e) Bondville.

rescence spectrometer (Shimadzu Co.). A circular section with
a diameter of 16 mm was punched from the filter and loaded
into a small polyethylene cup, which used an ultralean film at
the bottom. The instrument yielded the results in units of Fe
mass per unit area (micrograms per square centimeter).

B RESULTS AND DISCUSSION

Assessing the Effectiveness of Our Fractionation
Scheme. Panels a and b of Figure 1 show the concentration
of Fe and WSOC in various fractions obtained by our PM,
segregation scheme. Consistent with previous studies,”'*>**
the C-18 column is capable of separating the metallic fraction
from HULIS. Fe in the hydrophilic fraction was almost the
same as in the original PM, s extract. Moreover, the Chelex
column does not retain any organic compound present in the
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hydrophilic fraction. This difference in the results compared to
our previous results showing the retention of quinones on the
Chelex column (Figure S1) is due to the first step of our
segregation scheme, i.e., removal of hydrophobic organic
compounds from the PM, extract using the C-18 column.
Finally, the Chelex column is highly efficient in retaining Fe
(almost negligible Fe in the passed-through fraction of the
Chelex column), which is effectively recovered in the eluent
(i.e,, HCL). Thus, by using this scheme, we can achieve a nearly
complete segregation of organic compounds and metals from
the water-soluble PM, ; matrix.

Macrophage ROS Activity of Fractionated PM
Components. The results of the macrophage ROS assay
conducted on different PM fractions obtained by our
segregation scheme are shown in Figure 2. The hydrophobic

https://doi.org/10.1021/acs.estlett.2c00316
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fraction of water-soluble PM, 5 shows very little activity in the
macrophage ROS assay (average + 1o = 4.2 + 3.3% of the
water-soluble PM, s cellular OP). In contrast, the hydrophilic
fraction was strongly active in the macrophage assay, explaining
on average 85.8 + 8.2% of the water-soluble cellular OP. Note
that the hydrophilic fraction contains not only the metals but
also the hydrophilic organic compounds. Interestingly, the
chelated hydrophilic fraction (i.e,, hydrophilic organic
compounds) accounted for only 16.3 + 9.9% of the OP of
the hydrophilic fraction, while the rest of it was attributed to
the metallic hydrophilic fraction, which was eluted in HCL.

Collectively, these results, ie., low activity of the hydro-
phobic and organic hydrophilic fraction and substantial activity
of the metallic hydrophilic fraction, show that it is mostly the
metals (particularly Fe in our case given the strong correlation
of Fe with OP), which drives the macrophage ROS response.

Effect Modification of WSOC on Fe. Although our
experimental design described above could show a dominant
effect of metals on the water-soluble PM, y macrophage ROS
activity, it could not explain the strong correlation of WSOC
with OP (Table S1). There could be two possible explanations.
(1) WSOC could synergistically interact with Fe to enhance its
macrophage ROS activity, and (2) WSOC enhances the
solubility of Fe through complexation, making it available for
macrophage ROS generation. Although there are studies
showing the interaction of Fe with HULIS in the acellular®*~>°
and cellular assays,37’38 the results shown in Figure 2, i.e, the
close agreement of the sum of the OPs from hydrophobic and
hydrophilic fractions with the total activity of the original
PM, ; water-soluble extract, do not support that.

Several studies have shown the effect of complexation of
organic compounds such as humic acid, tartrate, malonate, and
oxalate on the solubility of Fe.**”* Therefore, finally, we
tested the effect of WSOC on Fe solubility, by measuring both
water-soluble and total Fe in S1 ambient PM, samples
collected from all five sites. Figure 3 shows the plot of Fe
solubility versus WSOC concentration at different sites.
Interestingly, there was a significant (P < 0.05) and tight
correlation between WSOC and the soluble fraction of Fe at all
five sites, with r varying from 0.69 to 0.82. These results are
consistent with previous atmospheric studies generally showing
a strong correlation of Fe solubility with WSOC.*™* It
suggests that the correlation of WSOC with water-soluble
PM, s macrophage ROS activity is not coincidental but an
effect modification. WSOC through complexation makes Fe
more water-soluble, which plays an active role in the water-
soluble PM,  cellular OP.

The novel fractionation scheme based on a combination of
C-18 and Chelex techniques developed in our study not only
segregated the water-soluble PM, s into metallic and organic
subfractions but also recovered the metallic fraction without
affecting its activity. For the first time, we were able to
effectively decouple the effect of organic and metallic fractions
of ambient PM, ; in the cellular OP. Our study reveals different
roles of two important aerosol components and their
interaction through effect modification on altering the cellular
OP of ambient PM, ;. However, we note that our results were
obtained from a single cellular OP assay, and the relative
contributions of metallic and organic fractions could vary
substantially based on different OP metrics. Moreover, only
water-soluble components were targeted in our study, although
water-insoluble components could also play an important role
in PM,s OP and toxicity. Nevertheless, the segregation

684

technique developed in our study could be used in future
toxicological studies to comprehensively understand the
contribution of water-soluble metallic and organic fractions
in the cytotoxicity of PM, .
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