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17 ABSTRACT

18 Air pollution is a serious environmental issue. As a key aerosol component, PM2s
19  associated toxic trace metals pose significant health risks by inhalation and ingestion,
20  but the evidences and mechanisms were insufficient and not well understood just by
21  their total environmental concentrations. To accurately assess the potential risks of
22  airborne metals, a series of in vitro physiologically based tests with synthetic human
23 lung and gastrointestinal fluids were conducted to assess both the bioaccessibility and
24 bioavailability of various PM2s bound metals in the respiratory and digestive systems
25  from both urban and industrial areas of Nanjing city. Moreover, the chemical acellular
26 toxicity test [dithiothreitol (DTT) assay] and source analysis were performed. Generally,
27  the bioaccessibility and bioavailability of investigated metals were element and body
28  fluid dependent. Source oriented metals in PM2s showed diverse bioaccessibility in
29  different human organs. The PM2s induced oxidative potential was mainly contributed
30 by the bioaccessible/bioavailable transition metals such as Fe, Ni and Co from

31  metallurgic dust and traffic emission. Future researches on the toxicological
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1. Introduction

Owing to the rapid industrialization and urbanization, air pollution has been one of
the severe environmental problems in developing countries, including China. Fine
particulate matters (PM2.s5) are main atmospheric pollutant and attracting great concern.
As a complex mixture, PM2.s containing a variety of toxic components, such as heavy
metals, may directly enter the human bronchi and alveolar areas and threaten human
health [1]. Although heavy metals are trace-level component of PMzs, it is the priority
environmental pollutant due to both the toxic and carcinogenic characteristics. Airborne
trace metals are also reported closely related to the respiratory, cardiovascular and
cerebrovascular diseases [2,3].

Airborne trace metals exist in various species with different physical and chemical
properties, therefore have diverse impacts on human health, such as inducing ROS
(reactive oxygen species) [4]. Most studies generally considered the total PM2.5s bound
metal concentrations but ignored their actual bioaccessible/bioavailable fractions,
which may influence the human health risk assessment of aerosol pollution exposure
[5.6]. Thus the bioaccessiblity and bioavailability of PMa2s bound metals become
significant issues in air quality evaluation [7]. Ordinarily, after a clearing process by
physical mechanism, the substances inhaled or ingested into human body may react
with the body via absorption, distribution, metabolism and elimination. However,
during the particle exposure, bioaccessible fraction is the key constituent that can be
dissolved by human fluids [8]. In vitro physiologically based extraction tests (PBET)
with synthetic agents comparable to human body fluids were generally used for
bioaccessibility of airborne trace metals [9], simulating their solubility in respiratory
and digestive systems after the exposure pathways of inhalation and ingestion [ ].
Among various synthetic agents of respiratory system, the classical Gamble’s solution
and artificial lung fluid (ALF) or just modifications were usually adopted [12]. For
digestive system, the Unified Bioaccessibility Research Group of Europe (BARGE)
Method (UBM) validated with in vivo model were developed to measure the
gastrointestinal bioaccessibility of metals [ 13]. Although the bioaccessible fraction was

often determined by extraction with various artificial/simulated human fluids, the
3
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bioavailable processes were neglected. Bioavailability was defined as the fraction that
is absorbed by human, reaches the bloodstream, and finally is transported to an organ
with toxicity effects in the body [14]. However, there was not available method for in
vitro bioavailability test. Because the Diffusive Gradients Thin-films (DGT) technique
was widely used to study the in-sifu bioavailability of trace metals in aquatic system
[15], it was assumed as an in vitro method to simulate the absorption process
(bioavailability) in respiratory and digestive fluid systems following the dissolution
process (bioaccessibility).

A number of epidemiologic studies have evidenced the links between exposure of
PM: s pollution and increasing risk of cardiopulmonary diseases and mortality | ].
The PM2s induced inflammation and oxidative stress were proposed to explain this
relevance [ ]. The dithiothreitol (DTT) assay as a chemical acellular test could be
used in evaluating PM2s induced ROS generation, which may be the mechanism of
oxidative stress [ ]. Therefore, the bioaccessible and bioavailable fractions of
PM:.s bound metals in the respiratory and digestive systems should be significant in
such toxicological effects, but the principle factors and mechanisms need investigation.

In this study, both the in vitro bioaccessibility and bioavailability of PM2.s bound
metals in human respiratory and digestive systems from two functional areas of a
megacity in China were assessed by PBET with imitated pulmonary and digestive fluids,
and the oxidative potential of PM2.s was indicated by DTT assay. It aims to estimate the
bioaccessibility/bioavailability of PMa2s bound metals in respiratory and digestive
systems from various sources and their relations with PM2 s induced ROS generation,

thus differentiating the key toxic species of airborne metals.

2. Materials and methods
2.1 Sampling and chemical analyses

The ambient PM2.s samples were collected simultaneously at an urban area (UA) and
industrial area (IA) of Nanjing city, eastern China . The urban site (N32°03’,
E118°47") was in the downtown area surrounded by residential and commercial areas

with heavy road traffic nearby. The industrial site (N32°12’, E118°43") was situated on
4



99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

a campus impacted by large petrochemical and metallurgical industries.

The sampling period was from January to December 2016 for one year with
continuous 23h-sample one day every month. PM2.s samples were collected on quartz
microfiber filters (QMA, 203mmx*254mm, Whatman, UK) by a high-volume sampler
(1000 L-min"). Filters were prebaked at 400 °C for 4 h to remove organic substances
before sampling. The daily PMa2.s5 mass was obtained by the gravimetric method using
a high-precision electronic balance (Sartorius, QUINTIX 124-1 CN) under a constant
temperature and humidity condition. Then the filter PMa2s samples were cut into
subsamples by ceramic scissors and stored in refrigerator for following tests.

The total metal concentrations in PM2s samples were determined by inductively
coupled plasma-optical emission spectrometer (ICP-OES, Optima 8000, PerkinElmer)
and ICP Mass Spectrometer (ICP-MS, NexION300X, PerkinElmer) for low level
concentrations after a heating acid digestion procedure. One-eighth filter was digested
by being immersed in concentrated HNO3-HClO4-HF acids with a progressive heating
program and finally dissolved in 5% (v/v) high-purity HNO3. The procedural blanks,
sample replicates, and standard reference materials (NIST SRM 1648a, urban PM) were
randomly set for quality control. Differences of metal concentration in replicates (n=4)
were < 10%. The concentrations of metals in reagent blanks were < 1% of the average

analyte concentrations, and their recoveries in the SRM ranged from 90 to 110%.

2.2 In vitro metal bioaccessibility tests

The bioaccessibility of PMa.s trace metals in respiratory and digestive systems were
evaluated respectively by the in vitro extraction methods based on physiology. To
estimate the bioaccessibility of PM2.s trace metals inhaled through respiratory system
[ ], two simulated pulmonary fluids were applied: the artificial lung fluid (ALF,
pH = 4.5) representing the intracellular acidic lung fluid after phagocytosis by alveolar
macrophages, and Gamble’s solution (pH = 7.4) imitating the extracellular healthy fluid.
The compositions of these imitated fluids were summarized in . Briefly, 1/16
sampled filters of known mass were cut into pieces in the plastic bottle, then 30 ml

pulmonary fluids were added and shaken for 24 h with 200 rpm in an incubator at a
5
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constant temperature (37 °C). Solid to liquid (S/L) ratio was about 6 mg/30 ml. Then 5
ml of the extracts were filtrated into centrifuge tubes by a 0.45 pum cellulose
microporous membrane, acidized with high-purity concentrated HNO3 and stored in
refrigerator for metal concentration analysis.

To assess the bioaccessibility of PMa.s trace metals in digestive system, the modified
UBM was conducted [24-26]. The sequential test was performed with three simulated
fluids to imitate three processes through mouth, stomach and intestine. Firstly,
simulated saliva (pH=6.8): mouth phase, near neutral, enzyme-rich. Secondly,
simulated gastric fluid (SGF, pH=2.5): acidic gastric fluids in the stomach. Thirdly,
simulated intestinal fluid (SIF, pH=7.0): near neutral, pancreatic and bile juice. The
compositions of the simulated digestive fluids were listed in . The 1/8 filter
sample (about 12 mg PMa2.5) was added to 15 ml simulated saliva, shaken for 5 min,
then 15 ml SGF was added and the pH of the solution was adjusted to 2.5, shaken for 2
h, 5 ml of the gastric fluid extract was removed and centrifuged for metal analysis.
Finally, 5ml SIF was added and adjusted the pH to 7.0, also shaken for 2 h, then 5 ml
gastrointestinal fluid extract was removed and centrifuged for trace metal analysis.

All extraction tests were conducted in dark and maintain at 37 °C, and the simulated
fluids were prepared freshly. The concentrations of bioaccessible and bioavailable trace
metals were determined by ICP-OES and ICP-MS. The standard reference material
NIST SRM 1648a (urban PM) was extracted by simulated solutions same to sample for

quality control.

2.3 In vitro metal bioavailability tests

Bioavailability (effective concentration) is defined as the succedent absorption
processes immediately occurring after the dissolution of pollutants in human fluids. In
this study, DGT [15] water samplers (LSNM) which consist of 0.78 mm diffusive gel
and 0.40 mm Chelex gel, as a model to simulate human alveolar sac wall [46] or
intestinal wall were used for bioavailability assay. After the antecedent bioaccessibility
tests, the DGT devices were immediately put into those remained mixture of body fluid

and PMzs with the membrane window facing down, shaken for 4h with 150 rpm at a
6



159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

constant temperature (37 °C) in the dark. The Chelex resins with adsorbed metals were
then eluted by 1 mol-L"! HNO:s for at least 24h. The concentrations of bioavailable trace

metals were finally determined by ICP-MS.

2.4 Oxidative potential of PM>.s

The DTT assay is an in vitro chemical acellular method for measuring the ROS
formation [ ]. Briefly, 1/32 of filter samples (about 3 mg PM2 s) or blank filter were
added into 15 ml 100 uM DTT in 0.1 M of potassium phosphate buffer, keeping
reactions in a shaker incubator for 30 min at 37 °C in the dark. 500 pl of the reacting
mixture was taken every 5 min for monitoring DTT consumption after being filtered
through 0.45 pm and quenched by 1 ml TCA (10% v/v). Subsequently, 50 pl of 10 mM
5,5'-Dithiobis-2-nitrobenzoic acid (DTNB) in water was added for reacting 5 min, then
2 ml of 0.4 M Tris-Base (pH 8.9) with 20 mM of EDTA was added. The resulting 5-
mercapto-2-nitrobenzoic acid was determined by a spectrophotometer at 412 nm. All
reaction measurements were conducted in a low light exposure environment. The DTT
consumption rate was corresponding to the slope of a straight line obtained by several
data points (0, 5, 10, 15, 20, 25, 30 min). The average DTT consumption rate of the
filter blank and reagent blank was 0.008 and 0.006 uM min!, respectively. The DTT
consumption rates of PMa2.s were calculated by the difference between the samples and

filter blanks.

2.5 Source identification of PM>2.5 bound bioaccessible metals

According to the characteristics of pollution sources, the Pb isotopes are accurate and
intuitive in source apportionments and widely used in qualitative and quantitative
analysis of atmospheric Pb sources [ ]. Lead stable isotope ratios of 2*’Pb/***Pb
and 2%Pb/>%Pb in simulated pulmonary and gastrointestinal extracts of twelve
representative PMa.s samples were determined using ICP-MS. Instrumental parameters
were set as: 190 sweeps/reading, 1 reading/replicate, 10 replicates/sample solution,
dwell time of 2“Pb (40 ms) and 2*°Pb, 2°’Pb, 2°Pb (25 ms). Filter blank and SRM NIST

981were set as quality control. The analytical precision for samples was generally <
7
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0.5% for 2°7Pb/?%°Pb and 2°°Pb/?’°Pb.

2.6 Data analysis
SPSS Statistics 21 was used for statistical analysis and Origin 9.1 for plotting.

Principal component analysis (PCA) was conducted for source identification.

3. Results
3.1 Trace metals distributed in urban PMzs

Results of the total concentrations of trace metals in PM2s samples from IA and UA
of Nanjing city were showed in . The average daily trace metals in air (ug m>)
were observed as order of Fe > Cr>Pb >Cu>Mn>As>Ni>Cd>CoinlA, and Fe >
Pb > Cr> Mn > Cu > As > Ni > Cd > Co in UA . Spatially, the mean
concentrations of most airborne trace metals were greater in A than UA, especially the
Mn, Fe, and Cu. However, the contents of metals accumulated in PM25s (mg kg™!)

showed inconsistent distribution patterns.

3.2 Bioaccesibility and bioavailability of PM2s bound metals in respiratory system
Two simulated lung fluids were employed to represent different conditions when
particles were inhaled into the lung. As shown in the , the overall mean
bioaccessibility of metals from both IA and UA extracted by ALF was Pb > Cd > Mn >
Cu > As > Cr > Fe > Co > Ni, ranging from 14.5-94.2%, although most extracted metals
had higher level in UA than in IA except Pb and Cd. Among these investigated metals,
Pb and Cd had higher ALF bioaccessibility, but Co and Ni were lower. However, the
metal bioaccessibility was totally different when extracted by Gamble’s solution, which
was in order of As > Cu > Fe > Co > Cr > Cd > Ni > Mn > Pb, ranging from 3.9 - 33.4%
. The overall mean Gamble’s bioaccessibility of Cu, As, Co and Cd were
higher in UA, but Fe, Cr, Ni, Mn and Pb were higher in 1A.
As shown in , the acute pulmonary bioavailability of metals determined by DGT
in ALF ranged from 2.2 - 49.3 % in IA and 2.2 - 52.9 % in UA, respectively. The Cu

(49.3%) in 1A and Ni (52.9%) in UA showed highest ALF bioavailability, while the Fe
8
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(2.4% in 1A, 5.2% in UA), Cr (2.4% in IA, 2.8% in UA) and As (2.2% in 1A, 2.2% in
UA) were low. The mean bioavailability of most metals in UA were higher than that in
IA, except Cu and Pb. Meanwhile, the Gamble’s solution bioavailability of analyzed
metals was 1.6 - 12.8 % in IA and 2.2 - 17.0 % in UA, much lower than their ALF
bioavailability. In Gamble’s solution, Mn (12.8% in UA and 17.0% in IA), Cu (9.2% in
UA and 4.7% in [A) and Co (6.2% in UA and 4.7% in IA) showed higher bioavailability
than Pb, As and Cr. Except Cd, the mean Gamble’s bioavailability of studied metals

were higher in UA than in IA, especially Mn and Cu

3.3 Bioaccesibility and bioavailability of PM2s bound metals in digestive system

The bioaccesibility of metals in gastric phase were Cd > Pb > Cu > Mn > As > Cr >
Co > Ni > Fe in both 1A and UA, ranged from 11.1 - 86.8 % in IA and 7.8 - 95.9 % in
UA, respectively . The mean gastric bioaccessibility of Fe, Ni, Pb was higher
in IA, and other metals were higher in UA. In intestinal phase, the metal bioaccessibility
were 5.2-73.1 % in 1A and 9.6 - 78.6 % in UA, for which Cd was also highest and Fe
was the lowest

The bioavailability of metals in digestive system evaluated by DGT followed Cd >
Mn > Cu > Pb > Co > Ni > Fe > Cr > As in both sampling areas, ranged from 0.78 -
48.6 % in 1A and 0.76 - 49.5% in UA, respectively . The mean gastrointestinal
bioavailability of As, Ni, Pb were higher in 1A, while other metals were more

bioavailable in UA.

3.4 Sources of PM2s bound bioaccessible metals

For tracking the origin of airborne Pb released into the respiratory and digestive
systems, Pb isotope ratios in ALF, Gamble’s solution, and SIF were compared with the
multi natural and anthropogenic sources [ ] of Pb ( ). Most of the stable Pb
isotopes were around the Pb growth curve and in the range of coal combustion, soil,
metallurgic dust and unleaded gasoline. PMzs bound Pb from IA in Gamble’s solution
mainly overlapped with the range of coal combustion, while Pb of UA was primarily

from traffic emission. Most of the bioaccessible Pb in ALF from IA and UA, which
9
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distinguish from that in Gamble’s solution, were between metallurgic dust, soil and coal
combustion. The Pb isotope ratios in SIF were lower, and the bioaccssible Pb in
digestive system was mainly from industrial emission.

To further identify the sources of bioaccessible metals in PMzs, the PCA analysis
was conducted and results were shown in . In the respiratory system, two
factors explained 69.8% in variations of ALF bioaccesibility for 1A, including Mn, Fe,
Ni in PC1 with 39.4% variance attributed to metallurgic dust, and As, Cd, Pb in PC2
with 30.4% variance attributed to coal combustion. Three factors explained 77.2% for
UA, including As and Pb in PC1 with 32.4% variance attributed to traffic emission, Cr
and Cd in PC2 with 25.4% variance attributed to coal combustion, Ni and Cu in PC3
with 19.4% variance attributed to metallurgic dust. For Gamble’s bioaccesibility, three
factors explained 80.8% and 79.3% in variance of A and UA, respectively. Their main
sources in 1A were metallurgic dust and coal combustion, but in UA were traffic
emission, metallurgic dust, and coal combustion. In digestive system, three factors
explained that the biaccessible metals in IA were mainly from coal combustion,
metallurgic dust and crustal source, but in UA were from traffic emission, natural

source, and metallurgic dust.

3.5 Oxidative potential of PM2.s samples and relations with metal bioaccessibility and
bioavailability
showed the results of PM2s-induced ROS activity by DTT assay, the DTT
consumption of which ranged from 0.001 - 0.022 nmol-m=3-min! (average 0.01) in 1A
and 0.006 - 0.033 nmol-m=-min? (average 0.02) in UA, with the average air PMz2s
concentrations of 51.9 pg-m?®in 1A and 62.5 pg-m? in UA, respectively.

Due to the wide scale of the oxidative potential (nmol-m=-min™) induced by PM2s
[38] and the significance of metal bioaccessibility and bioavailability (nmol-m) on
human  exposure, the correlations between DTT  consumption and
bioaccessible/bioavailable metals of PM2s via inhalation and digestion were performed
( ). Results indicated diverse relations for different metals and various body

systems. In ALF of the respiratory system, DTT loss was positively correlated with
10
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bioaccessible Fe (p<0.01) and bioavailable Ni (p<0.05). In SGF of digestive system,
ROS activity was positively correlated with the bioaccessible Co (p<0.01).

4. Discussion
4.1 Characteristics of metals in PMz.s

Distributions of PM2.s and associated metals at different sites of Nanjing were shown
in . The average daily PM2s concentrations were 65.8 and 65.6 ug-m=in 1A and
UA, respectively, which were close to the China Air Quality Standard (75 pg-m=) but
exceeded the WHO guideline (25 ug-m=). Compared with existing international air
quality guidelines, the average daily concentration of As in both 1A and UA exceeded
the value, and Ni in 1A also exceeded guideline for several days :
which indicated potential air pollution and health threats. Airborne As in Nanjing was
a significant atmospheric pollutant [39]. Concentrations of most airborne metals in 1A
were greater than in UA, especially Mn, Fe, and Cu. The metals showed different order
of concentrations in air (ng-m) and in PMzs (mg-kg™), implying the significance of

the PM2.5 metal accumulation and various sources in aerosol pollution assessments [40].

4.2 Comparisons of bioaccessibility and bioavailability for PM2s bound metals in
respiratory and digestive systems

Increasing evidences reveal that airborne trace metals play a significant role in
harming human health [41]. Researches on the health impacts induced by PMz2s have
also focused on exposure pathways and effectiveness [42]. On account of the complex
situation of human in vivo conditions, there are multiple exposure pathways of airborne
PMz2s [43], including inhalation, ingestion and topical absorption. Thus two approaches
were considered as the main exposure routes of airborne PM2s inhalation in current
study. The respiratory system resulting pulmonary effects were simulated by the
extracellular healthy lung fluid (Gamble’s solution) and the intracellular acid lung fluid
(ALF). The main three steps of the digestive system were simulated as mouth (saliva
phase), stomach (gastric phase, SGF) and intestines (intestinal phase, SIF) [ ].

Therefore, both the bioaccessiblity and bioavailability of PM2.s metals via respiratory
1
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and digestive systems were comprehensively summarized.

In the respiratory system, pulmonary metal bioaccessibility varied with wide range,
and were much higher in ALF than in Gamble’s solution, that may be attributed to the
ALF acidity and the probable precipitation in the neutral Gamble’s solution [46].
Regards to the metal patterns, Pb, Cd, Mn were higher than other metals in ALF, but
As, Cu, Fe were higher in Gamble’s solution. Spatially, Cu, Co, As showed generally
higher SLF bioaccessibility in UA than in 1A, but the pulmonary bioaccessibility of Fe,
Cr, Ni, Mn, and Cd were determined by fluid type, that the ALF bioaccessibility of Pb
and Cd were significantly higher in 1A than in UA. The results confirmed that,
pulmonary metal bioaccessibility is element and lung fluid dependent [ ]. For
instance, the lower lung bioaccessibility of Pb in Gamble’s solution than in ALF
indicated that the main speciation of Pb in PM2s may be PbS, PbO and PbSQO4[49]. The
succedent bioavailability tests by DGT showed similar lung fluid pattern of ALF higher
than Gamble’s solution. Interestingly, some metals, such as Mn, showed inverse order
with lower bioaccessibility but higher bioavailability than other metals. Such results
implied the necessity to evaluate inhaled metal bioavailability. The bioavailability of
PMz2s metals also showed spatial pattern, with higher bioavailability in UA than in 1A
for most metals.

In digestive system, the metal bioaccessibility in gastric phase increased due to the
lower pH comparing with respiratory system [50]. The metal orders of gastric
bioaccessibility were the same in IA and UA, but were different from the two SLF
bioaccessibility. Most metals had higher SGF bioaccessibility in UA than in IA, except
Fe, Ni and Pb. The trend of intestinal metal bioaccessibility was similar to SGF, but the
SIF bioaccessibility was lower for all metals owing to its higher pH. The bioavailability
of metals in the digestive system showed similar pattern to their bioaccessibility. The
differences between respiratory and digestive bioaccessbility and bioavailability are
largely ascribed to the fluid composition and pH. Pepsin and NaCl were the main
component in the gastric phase and bile salt was added into SIF [51]. The metal cations
may react with organics by complexation and change the bioavailability.

According to the results of PCA and Pb isotopes, trace metals of PM2s in
12
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IA were mainly from metallurgic dust and coal combustion, which were also potentially
bioaccessible in the respiratory and digestive systems . But the metals in UA
showed complex sources although mainly from traffic emission and industrial sources
(metallurgic dust), which might be influenced by the transport of pollutants from 1A
through the prevailing east wind in Nanjing. So the bioaccessibility of airborne metals
were source oriented. Airborne metals from industrial sources especially the
metallurgic dust contributed bioaccessibility significantly in human organs,
supplemented with traffic emission to Gamble’s bioaccessibility in UA.

In sum, the bioaccessibility and bioavailability in human respiratory and digestive
systems were element and body fluid dependent. The different source oriented PM2.s

bound metals released various bioaccessibility in different organs.

4.3 Oxidative potential induced by total PM2s

The DTT assay has been proved as an approach to measure the ROS induced by
particulates [ ]. The theory may be electronic transformation between DTT and
oxygen because of the intrinsic catalytic capacity of particles [53]. presented the
air concentration and DTT consumption of investigated PM2s samples, supporting
previous researches on oxidative potential of PMz2s [54]. The DTT reactivity showed
linear variation with PM25 concentration, for instance, both were higher in UA than in
IA, and both were increased for samples from cold days than from warm days. Further
analysis about the influence of PM2.s bound key component on ROS generation appears

more significant and meaningful.

4.4 Associations between source-dependent metal bioaccessibility/bioavailability and
the PMz2s induced ROS activity
Because PMz2s is a complex mixture with various sources, its components are much
complicated. Regarding the toxicological effects [55], airborne trace metals were
focused on in current study, but in the aspect of bioaccessibility and bioavailability to
human organs. The induced oxidative potential [38] was confirmed closely related to

PM2s and the bioaccessible/bioavailable metals in the respiratory and digestive systems
13
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, especially Fe and Ni in the lung and Co in the gastric area, most of which
were mainly from industrial source and traffic emission. It has been reported that the
exposure to PM, particularly to metals, can induce ROS production [56], which was
explained by key metals from varied sources in this study. Some in vitro cytotoxicity
tests and in vivo bioavailability tests have also proved that oxidative stress is one of the
important pathways leading to adverse health effects by airborne PM [57]. the oxidative
potential of which showed consistent correlations with transition metals [58]. Although
these transition metals have been proved to cause ROS, inflammation and then damage
DNA and cell function [ ], their chemical speciation and
bioaccessibility/bioavailability in PM2s and exposure systems should also be key
factors, that need be incorporated into both health risk assessments and in vitro/in vivo

toxicology tests.

5. Conclusions

In conclusion, the varied bioaccessibility and bioavailability of airborne metals in the
respiratory and digestive systems were element and body fluid dependent. The different
source oriented PM2s bound metals will release diverse bioaccessibility in different
human organs. The PM2s induced oxidative potential showed similar spatial and
seasonal distribution patterns with the PMa2s concentrations in air. The
bioaccessible/bioavailable transition metals in PM2s such as Fe, Ni and Co may be the
key contributors of ROS generation. Overall, source-oriented metals in PM2s posed
varied bioaccessibility in human body systems and induced diverse oxidative potential
due to the different bioaccessibility and bioavailability of transition metals. Future
research on the toxicity mechanisms of PM2s bound metals considering human

bioaccessiblity and bioavailability was expected.
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Appendix A

ALF: Artificial Lung Fluid

BARGE: Bioaccessibility Research Group of Europe
DGT: Diffusive Gradients Thin-films

DTT: dithiothreitol

IA: Industrial Area

ICP-OES/MS: inductively coupled plasma-optical emission spectrometer / Mass Spectrometer
PBET: physiologically based extraction tests

PCA: Principal component analysis

ROS: reactive oxygen species

SGF: Simulated Gastric Fluid

SIF: Simulated Intestinal Fluid

UA: Urban Area

UBM: Unified BARGE Method

Appendix B. Supplementary data

The supplementary materials related to this article are found in and -
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Fig. 3. Biaccessibility (%) of metals extracted by simulated intestinal fluid (SIF) in

PMz2s from industrial and urban areas of Nanjing city.

Fig. 4. Bioavailability (%) of metals accumulated by DGT in simulated gastrointestinal

fluid extraction and in total PM metals from industrial and urban areas of Nanjing city.

Fig. 5. Isotope ratios (*°Pb/?°®Pb and 2°’Pb/?%Pb) of Pb in simulated lung and intestinal
fluids (Black: ALF, Blue: Gamble’s solution, Red: SIF) for PM2s from industrial and
urban areas of Nanjing city. Ranges of soil (Zhang, 2007) and various anthropogenic
sources, including lead growth curve (Cumming and Richards, 1975), metallurgic dust
(Tan, 2006), lead (Mukai, 1993) and unleaded (Tan, 2006) gasoline, coal combustion
(Mukai, 2001).

Fig. 6. DTT consumption and ambient air concentrations of PMzs samples from

industrial and urban areas in Nanjing city.
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Table 1

Pearson correlation coefficients (R) for DTT loss with bioaccessible and bioavailable

PMz2s metals in respiratory and digestive systems.

ALF (pH=4.5) Gamble’s solution (pH=7.4) SGF SIF
R R R R R R R
(bioaccessibility)  (bioavailability) (bioaccessibility) (bioavailability) (bioaccessibility) (bioaccessibility) (bioavailability)
Cr -0.086 -0.180 -0.289 -0.277 -0.160 -0.315 -0.203
Mn -0.026 -0.319 -0.194 0.072 -0.598" -0.690" -0.619°
Fe 0.796" -0.280 0.101 -0.105 -0.348 -0.382 -0.313
Co 0.340 0.570 -0.043 -0.293 0.765" 0.156 0.034
Ni 0.358 0.586" -0.157 0.205 0.049 -0.064 -0.072
Cu -0.241 -0.102 -0.151 0.049 -0.424 -0.469 -0.613"
As -0.615 -0.557 -0.577° -0.609" -0.623" -0.621° -0.657"
Cd -0.316 -0.373 -0.083 -0.306 -0.310 -0.325 -0.361
Pb -0.515 -0.595" 0.422 0.026 -0.595" -0.439 -0.685"

Notes: *p<0.05, **p<0.01. The significant correlation coefficients were in bold.
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urban areas of Nanjing city. Ranges of soil [33] and various anthropogenic sources,
including lead growth curve [34], metallurgic dust [35], lead [36] and unleaded [35]

gasoline, coal combustion [37].
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Fig. 6. DTT consumption and ambient air concentrations of PM2s samples from

industrial and urban areas in Nanjing city.
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