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ABSTRACT: Organic compounds are important contrib-
utors to the oxidative potential (OP) of atmospheric aerosols.
This study is the first to report the OP of water-soluble
organic matter (WSOM) related to the chromophoric
substances in PM, s over Xi’an, China. The dithiothreitol
(DTT) activity levels in PM,; extracted by water were
quantified as well as the relationships between DTT activity
and light absorption and fluorescence properties. The results
show that the DTT activity has significantly correlated with
colored WSOM, in which we identified three light absorbing
substances (BrC1—3) and eight fluorescent substances (C1—
8). It is further found that BrC3 and C7 accounted for almost
all of the DTT activity by colored WSOM, although these two
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factors contributed only a small fraction of light absorption and fluorescence. BrC3 and C7 are clearly distinguished from other
chromophoric substances because of their long absorption wavelength (A, = 475 nm) and fluorescence emission wavelength
(Amax = 462 nm), respectively. This discovery will help to better interpret and understand the mechanism of oxidation activity
generation by light absorbing organic aerosols and provide guidance for predicting the OPs of light absorbing organic aerosols

based on their optical properties.

Bl INTRODUCTION

A large number of epidemiological studies have shown that
atmospheric particulate matter (PM) can harm human
health.' ™ The generally accepted toxicological mechanism is
the oxidative stress effect of the body by reactive oxygen
species (ROS), also known as redox activity or excessive
accumulation of oxidative potential (OP).*® There are three
main ways in which PM induces ROS in the body: (1)
oxidants in the particles are deposited in the respiratory
system; (2) certain chemical components in the particles
stimulate the cells to produce excess ROS; and (3) certain
chemical components in the particles catalyze the interaction
with specific biochemicals that produce ROS.**” PM chemical
components can interact with airway epithelial cells and
macrophages to produce ROS,® which can cause damage to
cells.””'" This damage is associated with respiratory
inflammation, cardiovascular effects, and other adverse health
effects."'

The dithiothreitol (DTT) assay is a widely used noncellular
method for determining oxidation activity'® by mimicking the
oxidative levels of cellular reducing agents, such as NADPH,

v ACS Publications  © xxxx American Chemical Society

and it can be used to assess the OP of atmospheric PM by the
rate of DTT consumption."” The current DTT assay focuses
on the OP of the water-soluble matter (WSM) in PM and
explores the intrinsic link between the chemical composition of
PM and the DTT consumption rate. Studies have shown that
components such as quinones,”” humic-like substances
(HULIS),"*™*® and transition metals'”*" in PM have DTT
activity. Among them, studies have found that Cu and Mn are
the water-soluble transition metals with the highest DTT
activity contributions.”!

Studies have shown that water-soluble organic matter
(WSOM) is closely related to DTT activity.'®*” Lin and
Yu'® found that HULIS account for 79% of the DTT activity
of the WSM in PM and believe that HULIS are a major
contributor to DTT activity. Verma et al.>* found that the
DTT activity of the WSM in PM has a significant positive
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correlation with brown carbon (BrC) but is not correlated with
any metals. These studies indicate that organic matter has an
important contribution to the DTT activity of PM and may be
mainly BrC species. However, to the best of our knowledge,
the intrinsic relationship between BrC and OP has not been
thoroughly explored from the viewpoint of the optical
properties of PM. Some of the substances in BrC can produce
a fluorescent signal, and the chromophore can provide more
information about organic species. However, the chromophore
substances that have DTT activity or the mechanism by which
chromophore substances produce DTT activity have not been
elucidated. To this end, this study investigated in depth the
DTT consumption associated with colored WSOM in PM and
explored the intrinsic link between the optical properties and
DTT consumption levels.

This study analyzed the DTT activity of the WSM in PM, ¢
in the spring, summer, autumn, and winter of 2017 over Xi’an
as well as the absorbance characteristics (ultraviolet—visible
(UV—Vis) spectrum) and fluorescence characteristics (ex-
citation—emission matrix (EEM) spectrum) of the WSM in the
PM, ;. The UV—Vis spectral and EEM spectral data coupled
with the DTT activities were analyzed by a factor analysis
method, and the relative contributions of different types of
chromophoric substances to the DTT activity were obtained.
The mechanism of DTT activity by chromophoric substances
was also discussed. The results of this study will help to
increase our understanding of the mechanism of OP
generation by atmospheric aerosols.

B MATERIALS AND METHODS

Sample Collection. PM,; sample collection was per-
formed with a high-volume sampler equipped with a PM,
cutting head (XT-1025, Shanghai Xintuo, China). The
sampling position was set at the top of Shaw House, Shaanxi
University of Science and Technology, Xi’an, China (34° 22
35.07” N and 108° 58’ 34.58" E at 420 m above sea level or 40
m above ground level). A total of 112 samples were collected
in 2017 (details in Tables S1—S4 of the Supporting
Information). The sampling start time was 7:00 local time
(Beijing time), the sampling duration was 23.5 h, and the air
flow rate was 1000 L/min. The PM, s samples were collected
on a 20 X 25 cm prefired quartz glass fiber filter in an
aluminum foil bag and stored in a refrigerator at —20 °C.

Sample Extraction. WSM extraction was used for the
DTT assay as well as water-soluble organic carbon (WSOC),
light absorption, and EEM analysis. The sample for the DTT
assay was obtained by extracting a 5 mm diameter filter punch
using 2 mL of ultrapure water by vortex mixing (Model MX-S,
SCILOGEX, USA) for S min and then filtering with a
polytetrafluoroethylene (PTFE) filter (0.4S pm, JINTENG,
China). The sample used to analyze the WSOC was obtained
by using a filter punch of 8 mm in diameter and then
ultrasonically extracted with 20 mL of ultrapure water for 30
min before filtering with a 0.45 ym PTEFE filter. The samples
used for the optical property analysis were obtained by using a
9 mm diameter filter punch and then ultrasonically extracted
with 6 mL of ultrapure water for 30 min before filtering with a
0.45 pum PTEFE filter. To avoid the sample being affected by a
concentration difference during the analysis, the sample
dilution factor was adjusted to obtain a concentration within
the same order of magnitude before the measurement. A blank
analysis and parallel sample analysis were performed for all
analytical methods. The blank and parallel samples were

analyzed for blank calibration and to verify the extraction
process and reproducibility of analytical results.

Chemical Composition Analysis. WSOC analysis was
performed using a total organic carbon (TOC) analyzer
(Sievers M9, General Electric, USA). We used the off-line
analysis mode to measure the same sample three times and
calculated the average. To ensure the data quality of the
sample, our analysis was performed within 30 min of sample
extraction. At the same time, we set background measurements
for each batch of experiments to deduct background
interference. At the same time, the final WSOC concentration
was adjusted to 0.1—1 ppm by adjusting the sample dilution
factors for the different concentrations of the sample. The
standard curve was based on the analysis of a range of different
concentrations (0—1 ppm) of glucose standard solutions, and
it was used for data correction.

Other chemical analyses included elemental carbon (EC),
water-soluble ion, and elemental analyses, which are detailed in
the Supporting Information. Briefly, an EC analysis was
conducted using a thermo-optical carbon analyzer (DRI Model
2001A) with an IMPROVE_A heating protocol. A water-
soluble ion analysis was performed by ion chromatography
(940 Professional IC Vario, Metrohm, Switzerland). The
elemental analysis is based on the analytical method by Chen
et al”® using laser ablation (LA, GeoLas Pro, Coherent,
Germany) combined with inductively coupled plasma mass
spectrometry (ICP-MS, 7700x, Agilent, USA). The elemental
analysis detects all forms of elemental concentrations in PM, g
samples, including water-soluble and water-insoluble elements.

UV-Vis Absorption Spectra and EEM Fluorescence
Spectra. The extract was transferred to a quartz cuvette with a
path length of 1 cm, and the UV—Vis absorption spectra and
EEM fluorescence spectra were obtained with an Aqualog
fluorometer (HORIBA, Japan). The UV—Vis absorption
spectra were recorded in the range of 200—600 nm with a
wavelength interval of S nm. Ultrapure water was also analyzed
for baseline correction prior to scanning a series of extracts.
The excitation wavelengths of the EEMs were measured in the
range of 200—600 nm. The emission wavelengths were in the
range of 250—600 nm. The scanning speed was 600 nm min ™",
the scanning interval was S nm, and the exposure time was 0.5
s. The WSOC concentrations of all samples were controlled
within 10 ppm so that all samples had an absorbance of less
than 0.5 at 250 nm to reduce the effect of the internal rate
effect, which is a phenomenon in which the fluorescence is
weakened due to the absorption of the excitation light or the
emitted light by the fluorescent substance or other light
absorbing substance when the concentration of the fluorescent
substance is large or coexists with other light absorbing
materials.

The UV—Vis absorption spectra were processed minus the
background sample interference. The EEM data were
calibrated as described by Lawaetz and Stedmon* and
Murphy et al,” including instrument calibration, internal
filter correction, Raman and scattering removal, data
smoothing, and background interference subtraction.™

OP Analysis. The DTT assay is a commonly used
noncellular method for quantifying PM OP. In the DTT
analysis, DTT is consumed by the active oxygen and oxidized
to produce disulfides. Therefore, the oxidation activity of PM is
quantitatively evaluated by the consumption rate of DTT. The
determination of the DTT activity in this study was based on
the method proposed by Cho et al.'® First, 0.5 mL of a DTT
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Figure 1. DTT consumption rates of the water-soluble substances in PM, 5 over Xi'an in the spring, summer, autumn, and winter seasons of 2017.
(a) DTTv consumption rate per unit atmospheric volume. (b) DTTm consumption rate per unit WSOC. (c) DTT consumption rates for Xi'an,
Beijing,33 Shanghai,34 Jinzhou,27 Tianjin,27 Yantai,”’” Hangzhou,36 Atlanta,'® Indo-Gangetic Plain,”” Lecce,> the Northern Italian Alpine Region,38
and The Netherlands.”® The error bars in the figure represent the standard deviation.

solution (1 mM, > 98%, Sigma-Aldrich, prepared with a
phosphate buffer at pH = 7.4) was mixed with 0.5 mL of the
sample filtrate, and the sample was reacted in a 37 °C water
bath. The sample reaction was carried out at 0, 4, 13, 23, 32,
and 41 min. Then, the reaction was terminated by adding 0.1
mL of the above mixture to a centrifuge tube containing 1 mL
of trichloroacetic acid (1%, w/v). Then, 0.5 mL of 5,5-
dithiobis(2-nitrobenzoic acid) (DTNB, 0.2 mM, > 98%,
Sigma-Aldrich) and 2 mL of Tris buffer (0.08 M with 4 mM
EDTA) were added to the mixture for color development.
Finally, the absorbance of the sample at 412 nm (Abs,;,) was
measured by a UV—Visible absorption spectrometer (Aqua-
Log, HORIBA, Japan). The concentration of DTT in the
sample solution was quantitatively analyzed by the value of
Abs,;,, and the consumption rate of DTT (unit: «M/min) was
calculated based on the remaining DTT concentration in the
sample at different reaction times. In this experiment, the
concentration of DTT varies linearly with time and is a zero-
order kinetic reaction, which is the same as reported in other
studies."” This fact indicates that the active oxygen-generating
substance in the PM mainly acts as a catalyst and is itself not
consumed. This result also means that the DTT consumption
may not be mainly caused by the organic hydroperoxides.*®
The PM concentrations in different seasons are different
(range: 15—179 ug/m? Table S1—S4). It has been reported
that the correlation between DTT consumption rate and PM
concentration is not high.27’28 Therefore, to reduce the

possible influence of the difference in sample concentrations
on the DTT analysis results, the WSOC concentration of the
sample at the time of detection was controlled in the range of
1-10 ppm. To reduce possible interference during the
experiment, the whole experimental process was carried out
as much as possible in the dark while ensuring that all samples
were tested within 2 h. In addition, blank sample analysis and
parallel sample analysis were also performed for background
correction and to verify the reproducibility of the analysis
results. As shown in Figure S1, the background sample
consumption rate is 0.045 + 0.004 yM/min, indicating that
the background sample has some interference, although the
effect on the actual sample is limited, and the background value
contributes an average of 18 + 5% to all of the samples. The
average DTT consumption rate of ultrapure water was 0.030 +
0.003 uM/min. A comparison with the results of the
background samples shows that the main interference is not
from the background sample but from the ultrapure water or
the analytical process, which may be the self-oxidation of DTT
leading to the consumption of DTT in ultrapure water.
Nonetheless, the final background effect was deducted in this
study. The reproducibility of the entire analysis was
determined by separately extracting and analyzing the DTT
activity of the same sample, and the results showed that the
relative standard deviation of the DTT consumption rate
analysis result was 4%.
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Figure 2. Annual average absorption spectra (a) and EEM spectra (b) of the water-soluble substances in the PM, g samples. (c) Four season
absorbance (Abssgs, Mm™') and TFV (RU-nm*mL/m?). (d) Mass absorption coefficient (MACj45, m?/g) and FV by the WSOC concentration
(NFV, RU-nm?/[mg/L OC]). (a) Shaded area in the figure represents the standard deviation, and the error bars in (c) and (d) represent the
standard deviations of Abs;ss and TFV for the four season samples, respectively.

Factor Analysis of the DTT Data Coupled with the
UV-Vis Absorption and EEM Spectra. To evaluate the
relative contributions of the different types of chromophoric
substances to the DTT activity, this study used factor analysis
methods. A parallel factor analysis (PARAFAC) and non-
negative matrix factorization (NMF) resolved the DTT activity
data coupled with the UV—Vis absorption and EEM spectra,
respectively. NMF has been widely used in spectral analysis.””
The coupling of the DTT data with the EEM and absorption
spectrum data sets and applying factor analysis are innovations
in this study, which evaluate the relative contributions of
different factors to the DTT activity. The basic principles of
PARAFAC and NMF in this study are as follows:

F
Xy = 2 g (bigip) + e
f=1 (1)
F
Yn,k = 2 un,f'gf‘k + €k
f=1 (2)

where 7 is the number of samples 1, .., N;i=1,..,Lj=1,..,];
k=1, .., K; X, represents the DTT data (X,,;7) coupled with
the EEMs (X, ;_;, 1‘“]_1) ; Y, represents the DTT data (X, )
coupled with the light absorption spectra (Y, x_;); f is the
number of factors; a is the load factor; b, ¢, and g contain factor
spectrum information; and e, ;; represents the model residuals.

The DTT data coupled with the EEMs were analyzed using
the drEEM toolkit (http:/ /www.models.life ku.dk/dreem) in
MATLAB version 0.2.0.°° The detailed model analysis
procedure is based on previous studies by Chen et al’'
According to the component EEM characteristics of the 2—15
component PARAFAC model and the residual error trend of

the model (Figure S2), the 8 component PARAFAC model
was selected.

The NMF analysis was performed on the DTT data coupled
with the UV—Vis absorption spectra using the NMF Toolbox
version 1.4 (https://sites.google.com/site/nmftool/) in MAT-
LAB.”> The detailed model analysis procedure is based on
previous studies by Chen et al.’ First, a solution is found from
a plurality of random starting values using a gradient descent-
based multiplication algorithm, and then the final solution is
found from the first solution using a least-squares effective set
algorithm. To find a global solution, the model was run 100
times, each time with a different initial value. By comparing the
residuals of the 1—5 factor model (Figure S3) and the spectral
load, a 3-factor NMF model was finally selected.

Bl RESULTS AND DISCUSSION

DTT Activity of the Sample. Figure 1 shows the DTT
activity levels and seasonal variation in the PM, ; samples from
the spring, summer, autumn, and winter over Xi'an in 2017.
Figure la shows the DTT activity in the atmospheric volume
(DTTv, nmol/min/m?), and the average levels from high to
low are winter > spring > summer > autumn: winter: 0.64
nmol/min/m? (range: 0.43—1.10 nmol/min/m?); spring: 0.53
nmol/min/m® (range: 0.19—0.85 nmol/min/m?); summer:
0.50 nmol/min/m?> (range: 0.24—0.80 nmol/min/m?®); and
autumn: 0.40 nmol/min/m> (range: 0.24—0.74 nmol/min/
m?). The t test results show that the variation of DTTv
consumption rate in each season is not distinct (p > 0.05).
Figure lc shows a comparison of the DTT activity of the PM
over Xi'an with those over other regions in the study. The
average DTTv activity over Xi'an in 2017 is 0.51 nmol/min/
m?, which is higher than those over Beijing (0.19 nmol/min/
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m?®)** and Shanghai (0.13 nmol/min/m?®)** in China, Atlanta
in the United States (0.31 nmol/min/m?),'® and Lecce in
southern Italy (0.40 + 0.26 nmol/min/m*)** but lower than
those over the coastal cities of the Bohai Sea, northern China
Uinzhou: 4.4 + 2.6 nmol/min/m?3; Tianjin: 6.8 + 3.4 nmol/
min/m? and Yantai: 4.2 + 2.7 nmol/rnin/m3),27 Hangzhou,
China (0.62 nmol/min/m?),*® the Indo-Gangetic Plain (3.8 +
1.4 nmol/min/m?),?” the alpine region of northern Italy (0.60
+ 0.23 nmol/min/m?®),*® and The Netherlands (1.4 nmol/

Figure 1b shows the DTT activity per unit of WSOC
(DTTm), with an average DTTm of 0.12 nmol/min/ug for
2017. The average DTTm values vary from season to season,
from high to low for summer > spring > winter & autumn:
summer: 0.14 nmol/min/ug (range: 0.10—0.20 nmol/min/
#g); spring: 0.13 nmol/min/ug (range: 0.08—0.21 nmol/min/
ug); winter: 0.11 nmol/min/ug (range: 0.08—0.16 nmol/min/
#g); and autumn: 0.11 nmol/min/ug (range: 0.08—0.15 nmol/
min/pg). The ¢ test results show that the variation of DTTm
consumption rate in each season is not distinct (p > 0.05).
Figures la and 1b show that the DTTv consumption rate in
winter is higher than that in the other seasons while the DTTm
consumption rate in winter is lower than that in the other
seasons. This result indicates that although the PM and WSOC
concentrations are high in winter (Table S4), the DTT
consumption rates of the PM and WSOC are relatively low. In
contrast, the PM and WSOC have the most DTT activity in
summer, which should be related to its chemical composition
and source.”” For example, the strong photochemical reactions
in summer can produce secondary organic aerosols containing
naphthalene SOA, while quinone and semiquinone in
naphthalene SOA react with oxygen to generate free radicals.*’

Optical Characteristics of the Sample. We study the
optical properties of the water-soluble PM to understand the
mechanism by which water-soluble PM produces ROS. Figure
2 reflects the light absorption and fluorescence properties of
the PM, s sample over Xi’an, and Figures 2a and 2b show the
average absorption (Abs) and EEM spectra of all samples,
respectively. The absorption spectrum has no notable
absorption peak, and its absorbance rapidly decreases as the
wavelength increases. The wavelength dependence index AAE
is 6.5, which is similar to those of the low-polarity HULIS of
Japan’s Nagoya researched by Chen et al,,"' the WSM in the
Los Angeles PM by Zhang et al,,** and the Beijing biomass
burning PM by Yan et al®? Huang et al.** studied PM,
samples from Xi'an in the summer of 2008 to the summer of
2009. The researchers reported that the absorption AAE values
of the water-soluble BrC are similar to those in this study.

The EEM spectrum shows that the main fluorescent signal is
present in the proteinlike and less oxygenated chromophore
regions, with the strongest peaks appearing at approximately
Peak (Ex. = 220 nm, Em. = 340 nm) and Peak (230 nm, 380
nm), respectively. However, studies have revealed that the
proteinlike chromophore is most likely composed of phenolic
compounds rather than amino acids.”’ In addition, several
other peaks are shown in the EEM diagram, including Peak
(240 nm, 460 nm), Peak (280 nm, 340 nm), and Peak (310
nm, 390 nm). The above EEM characteristics did not change
significantly for the different seasonal samples over Xi'an,
indicating that the main chromophore type and relative
content did not change significantly with seasonal changes.

Figure 2c shows the seasonal variation in the absorbance
(Abssgs, absorbance at 365 nm) and total fluorescence volume

(TFV, RU-nm*mL/m?). The Abss values of the spring,
summer, autumn, and winter are 6.70 + 2.4, 3.47 + 1.3, 4.76 +
2.0, and 11.46 + 3.6 Mm™", respectively, which are higher than
those of Los Angeles and Atlanta™ and lower than that of
Beijing.** Figure 2d shows the seasonal variations in the mass
absorption coefficient (MAC;45, AbsyesIn(10)/WSOC, m?*/g)
and the FV normalized by the WSOC concentration (NFV,
RU-nm*/[mg/L OC]), which are basically consistent with the
seasonal variations in Absyg and TFV. The MAC;4; values of
spring, summer, autumn, and winter are 1.91 + 0.6S5, 1.03 +
0.24, 1.35 + 0.32, and 2.11 + 0.37 mz/g, respectively. The
MAC 45 value of this study is higher than the values found in
the Los Angeles basin and aerosols transmitted from northern
China.""” Huang et al.** studied atmospheric aerosol samples
from Xi’an in the summer of 2008 to the summer of 2009. The
Abs;gs value studied by Huang et al.** is lower than that of our
study, while their MAC;4; value is higher than that of our
study, indicating that the total concentration of atmospheric
BrC in 2017 was higher approximately a decade ago. Figure 2¢
and Figure 2d show that not only are the total chromophore
contents in the winter samples higher than those in the other
seasons but also the average light absorption capacity and
fluorescence ability are higher than those in the other seasons.
The high total chromophore contents in the winter samples are
related to the higher PM concentration in winter, while the
higher light absorption and fluorescence capacities in winter
should be determined by the chemical composition and source.
For example, the photochemical reaction in winter is relatively
weak, which at the same time weakens the bleaching process of
chromophore and absorbance.**!

Correlation between the OP and Optical Properties.
Previous studies have found that the OP of water-soluble PM
has a certain correlation with the WSOC and BrC.'®*>*%*
This study also yielded similar results. As shown in Table 1, the

Table 1. Correlations between the DTTv Activity and
WSOC; Abs;qs; TFV; EC; Abs;gsp.c3; C7; and Selected
Metal Elements (Cu, Fe, Mn, V, and Zn) (n = 112)

correlation coefficient (r) and significance level
(p, two-sided test)

constituents r p
WSOC 0.85 <0.000
Abs;s 0.72 <0.000

TFV 0.59 <0.000
EC 0.64 <0.000
Absss necs 0.73 <0.000
C7 0.65 <0.000
Cu 0.48 <0.000

Fe 0.19 0. 042
Mn 0.38 <0.000

A% 0.07 0. 471
Zn 0.46 <0.000

DTT activity of WSM is significantly positively correlated with
the WSOC content (r = 0.85, p < 0.000), suggesting that the
organic matter in water-soluble substances may have an
important contribution to the DTT activity. Table 1 also lists
the metal elements corresponding to the water-soluble metals
associated with DTT consumption reported in several
studies.'®** However, these metal elements are not strongly
correlated with DTT activity. Note that the metal elements
here refer to the total metal elements in the PM particles. The
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Figure 3. (a) Three-factor BrC optical absorption spectra analyzed by the NMF model. (b) Relative percentage of light absorption of the three
types of BrC at 365 nm. (c) Percentage of relative contributions of the three types of BrC to the DTTv activity. (d) EEM profiles of the
chromophores derived from the PARAFAC model for the WSOM of the PM, 5 samples. (e) TFVs of the different chromophores in the spring,
summer, autumn, and winter of 2017. (f) Relative contributions of the different chromophores to the total fluorescent signal. (g) Relative

contributions of the different chromophores to the DTTv activity.

correlation between the other metal elements and DTT
consumption is also given in Table S5. Previous studies have
confirmed that the organic matter can generate ROS in
atmospheric particulates, such as quinones,"”> HULIS,'®"” and
polycyclic aromatic hydrocarbons (PAHs).* Verma et al.**
found that the DTT activity in water-soluble PM has a
significant positive correlation with BrC but is not correlated
with any metals. Organic substances may represent the
important causes of DTT consumption and may be mainly
contributed by light absorbing materials. Similar to the results
of Verma et al.,”” this study also found a significant correlation
(r = 0.72, p < 0.000, Table 1) between the DTT activity and
BrC content (both Abs,s; and Absgy, absorbance at S00 nm),
which is consistent with organic substances with light
absorbing properties being important contributors to the
DTT activity levels of the studied samples. Furthermore, we
also explored the relationship between the DTT activity and
fluorescence characteristics. EEM spectroscopy can provide
more material class information than light absorption spec-
troscopy, although the EEM-measured chromophores may

only represent part of the BrC substances. We found that the
DTT activity was also correlated with the FV (r = 0.59, p <
0.000, Table 1), which suggested that the DTT activity is
related not only to light absorbing substances but also to
fluorescent substances. The light absorbing and fluorescent
substances generally have large conjugated electron systems,”’
such as quinones and PAHs, which are currently recognized
substances in PM that cause damage to humans.

The DTT activity and EC levels of the whole year samples
were significantly positively correlated (r = 0.64, Table 1),
suggesting that the combustion source may be an important
contributor to the DTT activity in PM, 5 over Xi’an. The DTT
activity levels in different seasons are also related to WSOC
and TFV (Figure S4). The correlation between WSOC and
TFV with the DTT activity in autumn is significantly greater
than that in the other seasons. The correlation between K and
DTT activity in autumn is also greater than that in the other
seasons (Table S6), suggesting that biomass burning and
mineral dust are the main contributors to the DTT activity in
autumn. In addition, the correlation between Ca and DTT is
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also strong (r = 0.54, Table SS), suggesting that a dust source
may contribute to the DTT activity.

Structure—Activity Relationship between the Optical
Properties and OP. To better explore the structure—activity
relationship between the DTT activity and BrC, we used the
NMF model to resolve the BrC into three factors, named
BrCl, BrC2, and BrC3 (shown in Figure 3a). The spectra of
BrC1—3 show that the overall spectra of BrC1 and BrC3 are
similar but differ greatly from that of BrC2. The factors all have
distinct absorption peaks with peaks at 530, 480, and 400 nm.
As shown in Figure 3b, BrC2 contributed 63 & 7% of the total
absorbance at 365 nm, while BrC1 and BrC3 contributed 21 +
8% and 16 + 2% of the absorbance, respectively. Moreover, the
BrC2 relative light absorption contribution does not change
significantly with the season (Figure SS). The relative
contribution of BrC2 to light absorption increases with
increasing wavelength to 80 + 3% at 500 nm, whereas the
relative contributions of BrC1 and BrC3 are reduced to 5 + 2%
and 15 + 2%, respectively (Figure S6). The above results
indicate that the BrC2 species are major contributors to light
absorption in the full wavelength range, while BrC1 and BrC3
are only partial light absorption contributors. Interestingly, the
contributions of the BrC factors to the DTT activity are
inconsistent with the light absorption contributions. As shown
in Figure 3c, in the contribution of total BrC to DTT activity,
95 + 2% of the DTT activity is contributed by BrC3, and BrC1
only accounted for 5 + 2%, while BrC2 does not contribute to
the DTT activity. The study also found that the absorbance of
BrC3 at 365 nm is significantly positively correlated with the
DTT activity (r = 0.73, p < 0.000, Table 1), thus suggesting
that the contribution of BrC to DTT activity is mainly
associated with BrC3. Figure 3a shows that BrC1 and BrC3
have distinct absorption peaks in the long-wavelength range of
480—530 nm, but there is no peak of BrC2. This feature may
be related to the contributions of BrC1 and BrC3 to the DTT
activity. In general, the fact that a substance has an absorption
peak at a long wavelength means that the substance may
contain a large delocalized conjugated electron system, such as
a quinone n—z* electron, a PAH substance 7—z* electron, or
the like.”' These substances having conjugated electrons are
more likely to transmit electrons to undergo a catalytic
reaction, thereby contributing to DTT activity.

Certain BrC substances can generate fluorescent com-
pounds, such as aromatic hydrocarbons,’>*®> quinones,”*
proteinaceous substances,”> ™" and phenolic substances,’®
which may be important substances for generating DTT
activity in colored WSOM. Due to the complexity of the actual
atmospheric aerosol, we are unable to fully identify the
substance in the actual aerosol, but the chromophore can
provide us with more detailed information on the organic
matter. To this end, we characterized the fluorescence
properties of the samples using the EEM method to explore
the intrinsic relationship between the different chromophores
and DTT activity levels. The results are shown in Figure 3d.
The eight chromophores derived from PARAFAC are
designated C1—C8. These chromophores are defined in
terms of the excitation and emission wavelengths with
reference to previous studies, where C1, C4, CS, and C8
may be certain low-oxidation HULIS,*"**** C2 may be a
certain HULIS or proteinaceous material,”® C3 may be a
proteinaceous substance,”> C6 may be a tyrosine,”’ and C7
may be a highly oxidized HULIS or aromatic hydrocarbon or
quinone.”"*”** The HULIS chromophore in this study is the

primary chromophore type in atmospheric particulates, which
is similar to the results of Fu et al.”’ The relative contributions
of the different chromophores to the FVs of the four seasons
remained essentially unchanged (Figure S7). Only the TFV
produced significant seasonal changes (Figure 3e). The FV in
winter is significantly higher than those in the other seasons.
From the annual average fluorescence contribution (Figure 3f),
the HULIS-like chromophores C1 and C7 accounted for the
majority of the FV, totaling approximately 70%.

Figure 3g shows the relative contributions of the different
chromophores to the DTT activity in the contribution of total
chromophore to DTT activity, of which only chromophores
C3 and C7 contribute to the DTT activity, almost all of which
is attributed to the C7 chromophore (99%), although
chromophore C7 accounts for only 33% of the TFV.
Chromophore C7 has a remarkable feature compared with
other chromophores and has a high emission wavelength of
462 nm. This feature reveals that some fraction of the DTT
active material in PM should be a substance containing a large
conjugated electron functional group, such as a hydroxy arene,
a quinone, or the like having electron donor and acceptor
functional groups.®” This result is similar to the conclusion of
the light absorption analysis. In particular, the C7 spectrum is
very similar to the EEM spectra of PAHs or quinone
compounds,””** which have been identified as PAH-like
chromophores. DTT consumption is likely to be mainly
produced by compounds similar in structure to PAHs, such as
hydroxylated or carbonylated PAHs, graphene oxide, and the
like. Studies by Huang et al.”* have shown that the particles
over Xi’an are rich in PAHs and hydroxylated or carbonylated
PAHs and significantly positively correlated with the
absorbance. Li et al.’ also reported a significant correlation
between the DTT activity and PAH content (1* = 0.98). These
materials with conjugated electrons generally have higher
redox potential substitution groups.”> These groups contain
delocalized 7 electrons, which are more likely to efficiently
transfer electrons and form a reversible redox reaction
system.”> At the same time, electron migration (such as the
charge transfer between hydrazine and hydroxyl aromatics)
occurs between different functional groups intermolecularly or
intramolecularly’’ and may also contribute to the DTT
oxidation activity of PM.

The correlation analysis between the C1—C8 chromophores
and DTT activity levels is shown in Table S7. The results show
that there is a positive correlation between the CI1—-C8
chromophores and DTT activity levels, but the correlation
between the C7 chromophore and DTT activity is the most
significant (r = 0.6S, p < 0.000, Table 1). The correlations
between the C7 chromophore and DTT activity in autumn
and winter are higher than those in spring and summer (Figure
S8), which may be related to increased biomass burning and
mineral dust in autumn. Because the K' concentration in
autumn is second only to that in winter (Table S1—S4), the
correlation of the K* concentration with the DTT activity and
C7 FV in autumn is the strongest (r = 0.88 and 0.83,
respectively; Table S6). However, due to the lower overall PM
concentration in autumn, the overall DTT activity levels of the
autumn samples are lower than those of the other seasons. In
winter, not only is the total DTT activity high but the
correlation between the C7 chromophore and DTT activity is
also high. This aspect may be due to the large amounts of
PAH-like and quinone-like compounds with high DTT activity
levels being emitted into the atmosphere due to the burning of
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large amounts of fossil fuels.'** On the other hand, weaker

light causes the bleaching reaction in winter to be weaker than
in other seasons, reducing the loss of BrC and chromo-
phores.*!

As discussed above, both the absorbance and fluorescence
factor analyses indicated that PAH-like or quinone-like
chromophoric substances may be important substances in
the light absorbing water-soluble PM that contribute to the
DTT oxidation activity. These substances are mainly
substances with aromatic hydrocarbons and quinone structures
and not only PAHs and quinone. However, in this study, the
amount of DTT oxidation activity contributed by these
chromophores and how much the total DTT oxidation activity
is caused by organic matter remain unclear. Xiong et al.”’
found that the ROS produced by metal ions, such as Cu (1I)
and Fe (11, III), was not significant. However, Yu et al.® found
that Fe and quinones have synergistic effects and can produce -
OH by the Fenton reaction, which further indicates that
organic matter is an important substance in PM that can
induce ROS. The contributions of organic and inorganic
substances to DTT activity cannot be considered separately
since at least part of the DTT activity may be due to their
synergistic mechanism. Nonetheless, this study demonstrates
that organic matter contributes significantly to DTT activity,
and only a small fraction and a particular class of chromophore
species contribute to the vast majority of DTT activity in light
absorbing organics. This discovery will help to better interpret
and understand the mechanism of oxidation activity generation
by light absorbing organic aerosols and provide insights for
predicting the OP of light absorbing organic aerosols based on
their optical properties. In addition, the oxidative active
substances in colored WSOM that we have identified that
mainly consume DTT are based on the optical properties, that
is, a cluster of compounds with similar light absorption and
fluorescence properties. The substance or chemical structure of
such a chromophore substance has not been clarified, and such
information will depend on future research progress on the
chemical characteristics of BrC aerosols.

B ENVIRONMENTAL IMPLICATIONS

OP is an important inducement and evaluation index of the
currently accepted harm to human health caused by aerosols.
Research on the relationship between the aerosol chemical
composition and OP is the hottest and most challenging
scientific issue. Certain studies have revealed that metal
elements contribute significantly to the OP of atmospheric
PM.**®” However, other studies have shown that organic
components may be important contributors to the OP rather
than transition metals,*>*® which should be determined by the
aerosol chemical composition and source.”® The results of this
study show that BrC species in the organic components may
be important contributors to the OP of the PM over Xi'an.
This conclusion was supported by earlier research by Verma et
al.”” Based on this result, this study has further studied the
chromophores that contribute to the OP of light absorbing
water-soluble PM. We divided the components of PM into
material classes with different optical properties through factor
analysis techniques. Only a small part of the special
chromophores (BrC3 and C7) contributed most to the DTT
activity of colored WSOM in PM. These chromophores each
had a long absorption wavelength and a fluorescence emission
wavelength, and these characteristics revealed that these
chromophores should be those containing larger conjugated

electrons. This new knowledge will help to better interpret and
understand the mechanism of oxidation activity generation by
light absorbing organic aerosols.

At present, the organic substances that produce OP in water-
soluble PM are mainly quinones, HULIS, and the like.">"
However, the compositions of these substances in PM are
complex and variable. Certain studies attempt to simulate the
production of OP through certain typical compounds, but this
approach only explains the partial OP level.**®® For example,
Jin et al®® showed that PAHs and metals contribute less than
50% to PM, s-induced ROS. We know that organic aerosol
components are very complex. At present, analytical
techniques are not able to achieve complete qualitative and
quantitative analyses, and the OP levels of different substances
are very different; therefore, it is difficult or even impossible to
explain the overall OP of PM at a specific single molecular
level. From the perspective of the optical characteristics of the
complex aerosol components, this study screened clusters of
compounds that have important contributions to the DTT
oxidation activity levels of colored organic aerosols rather than
a specific molecule or molecules. This holistic approach based
on the aerosol optical properties provides a new method of
studying the aerosol OP, such as by using a quantitative
relationship between the optical absorption properties and the
OP of aerosols to predict and evaluate global simulations of
human health damage based on BrC.®”’*

This study has obtained the important result that BrC3 and
C7 are important contributors to the DTT activity of colored
water-soluble PM. However, the chromophore materials and
chemical structures as well as their sources and formation
mechanisms have not been clarified. These findings require
further research in the future to deepen the understanding of
the mechanism and source of PM OP.
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