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a b s t r a c t

The assessment of the human health risk of dust exposure to polycyclic aromatic hydrocarbons (PAHs)
has been hampered by a lack of data on the bioaccessibility. The purpose of this study was to apply
in vitro methods using simulated lungs with artificial lysosomal fluid (ALF) and Gamble's solution and
digestive fluid to assess the bioaccessibility of 8 high molecular weight PAH (PAH8) in central air
conditioner (AC) filter dust from a shopping mall in northeast China. Overall, the bioaccessible PAH8

concentration (mg/g) in AC filter dust samples after ALF and Gamble's solution extraction for 24 h were
notable, with a mean of 1.71± 0.6 and 1.92± 0.5 in the sales areas, and a mean of 1.61± 0.2 and 1.85± 0.2
in the office areas. AC filter dust exposed to simulated digestive fluid had a mean bioaccessible PAH8

concentration (mg/g) of 1.60 ± 0.4 in the sales areas and 1.15 ± 0.2 in the office areas. Benzo[b]fluo-
ranthene (BbF) made the most significant contribution to the total and bioaccessible PAH8 concentrations
in all of the AC filter dust after simulated digestive fluid extraction, while the bioaccessibility was driven
by chrysene (Chr, sales areas) and indeno[1,2,3-c,d]pyrene (Ind, office areas). Both the bioaccessibility
and concentration of PAH8 in simulated lung fluid were mainly driven by benzo[a]pyrene (BaP). This
study highlights the need to conduct bioaccessibility experiments for an adequate exposure assessment
of health risk.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

People in industrialized countries tend to spend over 90% of
their time indoors, therefore indoor air quality has emerged as a
worldwide public health issue (Ma and Harrad, 2015; Jenkins et al.,
1992). As the top five environmental risks, contaminants in indoor
environments, can enter the human body via inhalation, ingestion,
and dermal contact [Agency for Toxic Substances and Disease
Registry (ATSDR), 2005; Satsangi et al., 2014]. Compared to indoor
e by Charles Wong.

o).
settled dust, central air conditioner (AC) filter dust is more suitable
for estimating human exposure to contaminants due to the inclu-
sion of airborne particles and resuspended dust. To save energy,
central AC systems do not draw fresh air from outside, but recir-
culate indoor air (Weschler, 2009). The air conditioner's mecha-
nism of filtering indoor air for dust is similar to that of a vacuum
cleaner (Weschler, 2009). Thus, it can be assumed that dust in these
filters represents all of the exposed dust found inside the indoor
environment. This would also include fine particles suspended in
the indoor air (mostly below 10mm in diameter) as well as coarser
settled dust particles resuspended from occupant activities (Mukai
et al., 2009). Therefore, studying contaminants bound to AC filter
dust can provide useful information of the potential hazard of
exposure to chemicals and particles in indoor public environments
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(Ni et al., 2011; Fulong and Espino, 2013).
As byproducts of the incomplete combustion of fossil fuels by

both natural processes and anthropogenic sources, polycyclic aro-
matic hydrocarbons (PAHs) are major types of contaminants found
in urban outdoor and indoor environments (Ali et al., 2017). Given
their toxicity, persistence, and accumulation in dust, evaluation of
the available fraction of PAHs in dust is crucial for assessing the risk
of hazards to human health. However, not all PAHs can be trans-
ferred into human bodies, so bioaccessibility was adopted as an
adjusted method to assess the actual intake of PAHs (Denys et al.,
2009; Uzu et al., 2011; Wang et al., 2013; Zhang et al., 2015a; Liu
et al., 2018). Therefore, several physiologically-based in vitro
methods have been established to estimate the bioaccessibility of
PAHs (Ruby et al., 2002; Tang et al., 2006; James et al., 2011).

The air pollution of Qiqihar in northern China is seasonal and
mostly occurs during the winter heating season. Therefore, this
study hypothesizes that shopping mall AC filter dust-bound PAH8
mainly comes from airborne particles emitted from coal-fired en-
ergy sources during the winter heating season. The objectives of
this study were (1) to investigate the concentrations and profiles of
bioaccessible PAH8 in the AC filter dust in a shopping mall, (2) to
assess PAH bioaccessibility in two occupational sites, and (3) to
estimate the occupational exposure to bioaccessible PAH8 in AC
filter dust. To achieve this, bioaccessible PAH8 fractions were
determined using simulated digestive fluid (oral cavity-
gastrointestinal tract) and simulated lung fluid (artificial lyso-
somal fluid and Gamble's solution).

2. Materials and methods

2.1. Sample and preparation

The sample shopping mall is located in Qiqihar, Heilongjiang
province, northeast China. The location of the shopping mall could
be described as the city's commercial and business center, while the
region surrounding the shopping mall is a typical residential
neighborhood of the city center. The available area of the shopping
mall is 69,000 square meters, which is divided into sales areas and
office areas. The shopping mall operates in buildings one to six
floors high. Each floor was equipped with one central air condi-
tioner facility. The daily merchandise is almost always on the first
floor. The second and third floors are usually the clothing and shoes
departments, wheremany famous international and local brands of
clothing are sold. The fourth floor is a textile store and fifth floor is a
household appliance shopping mall. The sixth floor (top floor) is
usually the stationery floor. The AC filters had been cleaned almost
one year ago; therefore, the dust samples were considered to
represent the yearly high molecular weight PAH8 pollution in each
workplace environment. On one side, according to the area func-
tions, a total of 13 AC filter dust samples were collected from 8 sales
areas and 5 office areas in the shopping mall. On the other side, in
line with the characteristics of the passenger flow and floor height
of each floor in the sales area, this study collect AC filter dust from
the first, second, fourth, and sixth floors. The AC dust samples were
swept from the filters onto solvent-rinsed aluminum foil using a
clean brush and then sealed in polyethylene zip bags. After
collection from the same filter, the AC dust samples were pooled
and homogenized to one composite sample. The AC dust samples
were transported to a laboratory where they were refrigerated at
approximately 5 �C until further processing.

2.2. PAHs extraction

Eight USEPA priority high molecular weight PAH8 were exam-
ined in this study: benzo[a]anthracene (BaA), chrysene (Chr), benzo
[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene
(BaP), indeno[1,2,3-c,d]pyrene (Ind), dibenzo[a,h]anthracene
(DaA), and benzo[g, h, i]perylene (BghiP). The process of eluting
PAH8 from the AC filter dust samples and the instrument analysis
are described in the Supporting Information. PAH8 bioaccessibility
was calculated using Eq. (1), as follows:

Bioaccessibility (%) ¼ (in vitro PAH8/total PAH8) x 100%, (1)

where in vitro PAH8 is the amount of PAH8 (mg/g) extracted using
in vitromethods, and total PAH8 (mg/g) is the amount of PAH8 in the
AC filter dust samples.

2.2.1. Simulated digestive fluid extraction
The physiologically -based in vitro digestion test was performed

according to the methods described in previous studies (Zhang
et al., 2015a, b). An in vitro digestive model, simulating salivary,
gastric, and small intestinal digestion processes, was used
(Versantvoort et al., 2005; Henderson et al., 2012; Hillwalker and
Anderson, 2014; Zhang et al., 2015a). The entire digestive proced-
ure was performed in triplicate in 50mL borosilicate glass centri-
fuge tubes capped with a Teflon-lined septum at 37± 0.5 �C in a
dark incubator, and the tubes were rotated in an end-over-end
shaker at 60 rpm. After a 6 h and 5min extraction, the tubes were
centrifuged (Aida-TD4A) at 3000 rpm for 20min at 20 �C to sepa-
rate the supernatant (“digestive fluid”) and the pellet (“digestion
residue”). The digestive fluid was extracted with n-hexane. The
extracts were combined and eluted with 100mL of dichloro-
methane through a 20 g silica column (Agela Technologies, China)
preconditioned with ethyl acetate, dichloromethane, and hexane.
Deuterated internal standards (2-Fluorobiphenyl and p-Terphenyl-
d14) were added to each matrix prior to extraction.

2.2.2. Simulated lung fluids extraction
Artificial lysosomal fluid (ALF) and Gamble's solution, are

commonly employed in physiological extraction tests to simulate
the conditions of human lungs (Midander et al., 2007; Zereini et al.,
2012; Huang et al., 2016). ALF is more acidic (pH 4.5) than Gamble's
solution. ALF represents the cellular conditions following an im-
mune response in the lungs and associated macrophage activity.
Gamble's solution has a pH of 7.4 and simulates the neutral con-
ditions of interstitial fluid between the lung cells. In brief, the AC
filter dust samples were first placed in 30mL amber, non-
transparent, high-density polyethylene bottles, which contained
25mL of the respective solution. Then, the bottles were placed in an
incubation oven at 37± 0.5 �C and consistently shaken several
times over the extraction period. The samples were subsequently
filtered using polypropylene membrane filters (pore size: 0.2mm)
to separate the supernatant (“digestive fluid”) and the pellet
(“digestion residue”). Parallel extractions were conducted for each
extraction test. To avoid photoedegradation, extraction, and
cleanup steps were performed in a fume hood without light.

2.3. Quality assurance/quality control (QA/QC)

All of the sampling equipment, laboratory consumables, and
solvents were checked for contamination and one procedural blank
sample was conducted for every five samples. However, all of the
procedural, field, and solvent injection blanks were consistently
below instrumental detection limits. Prior to extraction, each
sample was spiked with a known amount of 2-Fluorobiphenyl and
p-Terphenyl-d14 to monitor the analytical recovery efficiency. The
average recoveries for 2-Fluorobiphenyl and p-Terphenyl-d14 var-
ied from 75.3% to 119% and from 79.8% to 127%, respectively. The
relative standard deviation for duplicate samples was below 5.00%
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for each PAH. The PAH values reported for each sample were cor-
rected using the average recoveries of 2-Fluorobiphenyl and p-
Terphenyl-d14 in each sample. PAH8 is expressed on a dry weight
(dw) basis.
2.4. Exposure assessment

The Bbenzo[a]pyrene equivalent concentration (BaPeq) has
been used as an indicator of the toxicity risks associated with
exposure to PAHs, as described in Eq. (2):

X
BaPeq ¼

Xn¼1

i

ðCi� TEFiÞ; (2)

where Ci is the average concentration of an individual PAH (mg/g)
and TEFi is the toxic equivalency factor of a given PAH relative to
BaP. Using the TEF values provided by Nisbet and La Goy (1992), the
toxicity of a combination of PAH congeners can be evaluated in a
single number, generally referred to as BaPeq.

The daily intake of bioaccessible PAH8 by indoor AC filter dust
(EDI, mg/day) inhalation was calculated for employees using Eq. (3),
as follows:

EDIInh ¼ (C x F x IR)/PEF, (3)

where C is the SPAH8-BaPeq in the AC filter dust (mg/g), IR is the
inhalation rate (m3/d), PEF is the particle emission factor (m3/kg),
and F is the fraction of time spent in the microenvironment of the
shopping mall in a day. For the IR, the average value (20m3/day)
was obtained from the Exposure Factors Handbook (USEPA, 2011);
for F, the maximumworking time (8 h/day) was considered; and for
the PEF, the value (1.36� 109) was obtained from the Exposure
Factors Handbook (USEPA, 2011).

The daily intake of bioaccessible PAH8 by indoor AC filter dust
(EDI, mg/day) ingestion was calculated for employees using Eq. (4),
as follows:

EDIing (mg/day)¼ C x F x IRdust, (4)

where C is the SPAH8-BaPeq in the AC filter dust (mg/g), IRdust is the
Table 1
Bioaccessible concentrations (average± standard deviation; mg/g) of PAH8 in AC filter du

Sales areas

Whole sale areas first floor second floor

Artificial lysosomal fluid (ALF) extraction
BaA 0.382± 0.2 0.538± 0.04 0.461± 0.0
Chr 0.277± 0.2 0.597± 0.2 0.225± 0.0
BbF 0.448± 0.4 0.437± 0.3 0.107± 0.1
BkF ND ND ND
BaP 0.548± 0.3 0.965± 0.1 0.648± 0.04
DbA ND ND ND
BghiP ND ND ND
InP 0.040± 0.0 0.0207± 0.0 0.0361± 0.0
Total 1.71± 0.6 2.58± 0.2 1.49± 0.1

Gamble's solution extraction
BaA 0.408± 0.2 0.561± 0.1 0.465± 0.1
Chr 0.294± 0.2 0.596± 0.0 0.212± 0.0
BbF 0.538± 0.6 0.341± 0.1 0.223± 0.0
BkF ND ND ND
BaP 0.628± 0.4 1.10± 0.1 0.694± 0.1
DbA ND ND ND
BghiP ND ND ND
InP 0.0394± 0.0 0.0469± 0.0 0.0567± 0.0
Total 1.92± 0.5 2.66± 0.1 1.67± 0.1

ND represent not detected.
average dust ingestion rate (mg/day) and F is the fraction of time
spent in the microenvironment of the shopping mall in a day. For
the IR, the average value (100mg/day) was selected from this study
(Kong et al., 2011; USEPA, 2011; Lu et al., 2018; Nie et al., 2018); for
F, the maximum working time (8 h/day) was considered.
2.5. Data analysis

SPSS version 15.0 (SPSS, Inc., Chicago, IL, USA) was used for the
statistical analysis in this study. The PAH8 concentrations in simu-
lated digestive and lung fluids were examined using descriptive
statistics and Pearson's correlation analyses. A value of p< 0.05 was
considered significant.
3. Results and discussion

3.1. Total PAH8 concentration

The mean concentration of the individual PAH8 and SPAH8 (that
is, the sum of eight US EPA priority PAH8) in the AC filter dust from
the sales and office areas are provided in Table 1. In this study, the
concentration of the SPAH8 measured in the AC filter dust at all of
the indoor sites was 36.8± 5.7 mg/g (n¼ 13). The mean SPAH8 in AC
filter dust was 39.1± 5.3 mg/g in the sales areas and 33.22± 5.0 mg/g
in the office areas, respectively.

The variations in the AC filter dust-bound PAH8 concentrations in
indoor environments of the shopping mall were not caused by the
combination of environmental factors (for example, the pollution
level and variation characteristics of airborne particles in an outdoor
environment), but by a variety of complex factors (for example, the
characteristics of passenger flow). Higher PAH8 concentrations of AC
filter dust in the sales areas may be attributed to airborne particles
and surface dust from the outdoor environment, which is then
distributed with air and customer flow throughout the mall; and a
large customer flow on the ground floor of the mall will lead to the
resuspension of settled dust, which will increase the AC filter screen
to retain suspended dust. The main origins of the AC filter dust-
bound PAH8 in the office areas are the infiltration of airborne par-
ticles from the sales areas and electronic device (PCs, printers, etc.)
operation (Sakellaris et al., 2016; Mullins and Bertolatti, 2013). In
st after simulated lung fluids extraction.

Office areas Whole areas

fourth floor sixth floor

0.480± 0.1 0.0497± 0.0 0.297± 0.1 0.349± 0.2
0.164± 0.1 0.121± 0.1 0.315± 0.1 0.291± 0.2
0.242± 0.0 1.00± 0.2 0.442± 0.1 0.445± 0.3
ND ND ND ND
0.429± 0.2 0.148± 0.0 0.508± 0.1 0.532± 0.3
ND ND ND ND
ND ND ND ND
0.0656± 0.0 0.0420± 0.0 0.0367± 0.0 0.0395± 0.0
1.39± 0.0 1.37± 0.2 1.61± 0.2 1.67± 0.4

0.526± 0.1 0.0780± 0.0 0.311± 0.2 0.370± 0.2
0.184± 0.1 0.186± 0.0 0.334± 0.1 0.309± 0.1
0.216± 0.0 1.37± 0.1 0.471± 0.1 0.512± 0.4
ND ND ND ND
0.520± 0.1 0.195± 0.0 0.677± 0.1 0.647± 0.3
ND ND ND ND
ND ND ND ND
0.0111± 0.0 0.0432± 0.0 0.0446± 0.0 0.0415± 0.0
1.46± 0.1 1.88± 0.1 1.85± 0.2 1.89± 0.4
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this study, the office areas were more enclosed and had lower
personnel mobility, leading to a slightly lower distribution of AC
filter dust-bound PAH8 from the sales areas. Of the four sample lo-
cations in the sales areas on different building levels (the first,
second, fourth, and sixth floors), the highest concentrations of
SPAH8 (44.1± 4.0 mg/g) were found in the first floor, while the
lowest concentrations (32.06± 1.2 mg/g) were found on the fourth
floor (Fig. 1). In the winter in Qiqihar, the outdoor temperature is
approximately 15 �C below zero. Because customers enter and exit
themall on the ground level, the temperature of the first and second
floors are lower the other floors. To improve the thermal comfort of
the human body in the basement of the shopping mall, the man-
agement delivers more heat sources for the first and second floors
than the other floors. The flow is driven by the buoyancy effect due
to the temperature and concentration differences between the heat
and pollutant sources and the ambient fluid. The concentrations of
SPAH8 between the first and sixth floors were similar (Fig. 1), which
was attributed to (1) air pollutants can disperse from the lower
Fig. 1. Concentrations of PAH8 in air conditioner (AC) filter dust samples collected from the
mall.
stores to the upper stores in the shopping mall. This process can
intensify the pollution sources, increase the spreading capacity of air
pollutants, and increase the average concentration of pollutants in
the higher floors. (2) Heat sources strongly influence the dispersion
of air pollutants. Heat sources with greater intensities will be more
conducive to spreading pollutants to the higher floors of buildings.
(3)When there are heat sources and pollution sources on each floor,
due to the accumulative effect of the heat and pollutants, the con-
centrations and temperatures of the pollutants will increase as the
levels rise. The correlation of the AC filter dust-bound PAH8 con-
centrations between the sample floors was significant at the 0.05
level (Pearson's r¼ 0.77 for the first vs the second floor; Pearson's
r¼ 0.64 for the first vs the fourth floor; Pearson's r¼ 0.88 for the
second vs the fourth floor; and Pearson's r¼ 0.73 for the fourth vs
the sixth floor). These results suggest that the sample sites (AC filter)
were affected by the same origin. They also indicate that PAHs may
infiltrate from outdoors (driven by customer flow) rather than
indoors.
sales areas (first, second, fourth, and sixth floors) and the office areas in the shopping
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Compared to published findings, the mean PAH8 concentrations
in the AC filter dust (average: 36.8, median: 37.1 mg/g) (Fig. 1) was
significantly higher than in the indoor dust in Saudi Arabia (3.45 mg/
g in AC filter dust and 2.65 mg/g in household floor dust) (Ali et al.,
2016), Jordan (3.99 mg/g in the floor dust of educational buildings)
(Maragkidou et al., 2017), and Nanjing (4.35 mg/g in AC filter dust)
(Zhou et al., 2010). These results suggest that PAH pollution and its
occupational exposure in indoor public spaces in northeast China
was serious and some control measures should be established to
alleviate it. In the whole sales areas (from the first to the sixth
floors), BbF, BkF, and BghiP had relatively high concentrations
compared to the other measured PAH8 in the AC filter dust. In the
office areas, the concentrations of these three PAH8were as follows:
BbF, BkF, and BaA (Fig. 1). From the first to sixth floors of the sales
areas, BbF and BkFwere themost abundant PAH in the AC filter dust
samples, followed by InP (first floor), DbA (second floor), Chr
(fourth floor), and Chr (sixth floor) (Fig. 1).
3.2. Bioaccessible concentrations

3.2.1. Simulated lung fluid
The PAH8 concentrations were measured in filtered solutions

(that is, the bioaccessible fraction) following ALF and Gamble's
solution extractions to assess the AC filter dust inhalation exposure
from the two occupational sites (Table 1).

Gamble's solution. The average concentration of bioaccessible
SPAH8 in Gamble's solution for the AC filter dust from the sale areas
was 1.92± 0.5 mg/g and 1.85± 0.2 mg/g for the AC filter dust from
the office areas (Table 1). After Gamble's solution extraction for
24 h, the bioaccessible PAH8 concentrations of the AC filter dust
from the sales areas were dominated by Ba, BbF, and BaA (Table 1).
This pattern was similar to that observed for bioaccessible PAH8 in
the AC filter dust from the office areas. For the AC filter dust from
the sales areas extracted with Gamble's solution, the measured
mean bioaccessible fractions for all PAH8 declined over subsequent
floors. The first floor had the highest bioaccessible SPAH8 concen-
tration, followed by the sixth floor, second floor, and fourth floor
(Table 1).

ALF. The average bioaccessible SPAH8 concentration of ALF from
all of the AC filter dust samples was 1.67± 0.4 mg/g. The average
concentration (mg/g) of bioaccessible SPAH8 in ALF from the AC
filter dust was 1.71± 0.6 (sale areas) and 1.61± 0.2 (office areas),
respectively (Table 1). In the sales areas, the spatial distribution of
bioaccessible SPAH8 in ALF from different floors was as follows:
first> second> fourth> sixth floor. Likewise, BaP, BbF, and BaA
contributed to the bioaccessible SPAH8 concentration in ALF from
the AC filter dust from the sales areas and ranked in the top three.
The bioaccessible PAH fractions present in the AC filter dust from
the office areas demonstrated similar patterns to those measured
for the AC filter dust from the sales areas exposed to ALF after 24 h
Table 2
Bioaccessible concentrations (average± standard deviation; mg/g) of PAH8 in AC filter du

Sale areas

Whole sale areas first floor second floor

BaA 0.189± 0.1 0.274± 0.1 0.158± 0.0
Chr 0.379± 0.2 0.521± 0.1 0.568± 0.1
BbF 0.521± 0.2 0.671± 0.1 0.640± 0.1
BkF 0.0369± 0.0 0.0825± 0.0 0.0247± 0.0
BaP 0.126± 0.0 0.116± 0.0 0.124± 0.0
DbA 0.0262± 0.0 0.0321± 0.0 0.0143± 0.0
BghiP 0.0560± 0.0 0.0776± 0.0 0.0294± 0.0
InP 0.268± 0.1 0.301± 0.0 0.265± 0.1
Total 1.60± 0.4 2.08± 0.1 1.82± 0.0
(Table 1). The top three bioaccessible PAH8 fractions in the AC filter
dust from the office areas were BaP, BbF, and Chr.

3.2.2. Simulated digestive fluids
The bioaccessible PAH8 concentrations in simulated digestive

fluids were assessed using in vitro digestion methods (Maragkidou
et al., 2017). This method comprises physiologically based in vitro
bioaccessibility protocols mimicking the gastrointestinal condi-
tions of human physiology (Maragkidou et al., 2017). The spatial
distributions of the bioaccessible SPAH8 in the simulated digestive
fluids are presented in Table 2. For the whole AC filter dust sample,
the bioaccessible SPAH8 concentrations in the simulated digestive
fluids ranged from 0.82 to 2.16 mg/g, and relatively high average
levels occurred in the sales areas compared to the office areas
(Table 2). The bioaccessible SPAH8 concentrations in the AC filter
dust collected from the sales areas followed the general trend of the
first floor> second floor> sixth floor> fourth floor (Table 2). In the
AC filter dust from the sales areas, the threemost abundant PAH8 in
terms of mass found in the simulated digestive fluid ranked from
highest to lowest as follows: BbF> Chr> InP (Table 2). Finally, DbA
showed the lowest levels in the AC filter dust from the sales areas
(Table 2). Similarly, the eight PAH8 with the highest concentrations
in the AC filter dust from the office areas were (from most to least
abundant): BbF>> BaA> InP> Chr>DbA> BghiP> BkF (Table 2).
The two sites of occupational exposure had generally similar
characteristics in terms of the dominant PAH8, indicating that the
same emission sources infiltrated from the outdoor environment;
for example, coal combustion accounted for a greater proportion of
higher molecular weight PAH emissions in the atmospheric envi-
ronment (Lin et al., 2015a and b).

3.3. Bioaccessibility

Based on the results derived for the total and extractable PAH8
concentrations in simulated lung fluids and simulated digestive
fluids, the average bioaccessibility of PAH8 were calculated.

3.3.1. Simulated lung fluid
Gamble's solution. The bioaccessibility of PAH8 was compared

in terms of its spatial distribution in the shoppingmall (Table 3). For
AC filter dust collected from the sales areas and the office areas, BaP
had the highest bioaccessibility in Gamble's solution with
21.8± 14.2% and 19.8± 3.4%. Benzo[a]anthracene (BaA), Chr, BbF,
and InP associated with the AC filter dust collected from the sales
areas and the office areas also had comparable bioaccessibility
(Table 3). Benzo(a)pyrene (BaP) is the only known carcinogen
(group 1; IARC, 2010), whereas BaA, BbF, Chr, and InP are consid-
ered possible carcinogens to humans (group 2B; IARC, 2002, 2010).
The high inter-floor sample variability results for the AC filter dust
collected from the sale areas is expected. The AC filter dust collected
st after simulated digestive fluids extraction.

Office areas Whole area

fourth floor sixth floor

0.179± 0.1 0.147± 0.1 0.222± 0.1 0.202± 0.1
0.240± 0.1 0.186± 0.0 0.0408± 0.0 0.249± 0.3
0.232± 0.2 0.541± 0.3 0.329± 0.1 0.447± 0.2
0.0195± 0.0 0.0209± 0.0 0.0277± 0.0 0.0333± 0.0
0.118± 0.0 0.144± 0.1 0.266± 0.2 0.180± 0.1
0.0180± 0.0 0.0405± 0.0 0.0374± 0.0 0.0305± 0.0
0.0430± 0.0 0.0742± 0.0 0.0330± 0.0 0.0472± 0.0
0.202± 0.1 0.30± 0.1 0.191± 0.1 0.238± 0.1
1.05± 0.1 1.46± 0.3 1.15± 0.2 1.43± 0.4



Table 3
Inhalation bioaccessibility (average± standard deviation; %) of PAH8 in AC filter dust after simulated lung fluids extraction.

Sales areas Office areas Whole areas

Whole sale areas first floor second floor fourth floor sixth floor

Artificial lysosomal fluid (ALF) extraction
BaA 14.3± 10.0% 21.5± 9.1% 16.7± 9.5% 18.0± 4.9% 0.961± 0.5% 8.00± 4.1% 11.9± 8.6%
Chr 9.15± 7.2% 18.2± 5.1% 11.4± 3.1% 4.94± 3.4% 2.02± 0.3% 10.8± 5.1% 9.80± 6.3%
BbF 4.26± 3.9% 4.34± 4.0% 0.790± 0.9% 2.25± 0.7% 9.68± 0.2% 5.95± 2.7% 4.91± 3.5%
BkF ND ND ND ND ND ND ND
BaP 19.1± 13.7% 31.7± 8.2% 26.6± 18.3% 13.5± 0.7% 4.60± 2.1% 14.8± 2.1% 17.4± 10.8%
DbA ND ND ND ND ND ND ND
BghiP ND 0.165± 0.1% ND 0.204± 0.2% ND ND ND
InP 2.18± 2.6% 0.358± 0.2% 2.56± 3.1% 4.71± 4.0% 1.09± 0.5% 2.10± 2.0% 2.15± 2.3%

Gamble's solution extraction
BaA 15.0± 10.1% 22.6± 10.4% 16.1± 7.0% 19.9± 5.9% 1.52± 0.6% 8.44± 4.9% 12.5± 8.9%
Chr 9.54± 6.6% 18.2± 0.8% 11.2± 5.2% 5.55± 4.0% 3.23± 0.2% 11.5± 5.3% 10.3± 6.0%
BbF 5.05± 5.3% 3.03± 0.2% 1.76± 0.4% 1.98± 0.3% 13.4± 2.1% 6.23± 2.1% 5.50± 4.2%
BkF ND ND ND ND ND ND ND
BaP 21.8± 14.2% 35.6± 2.6% 28.5± 19.7% 16.9± 2.3% 6.17± 3.3% 19.8± 3.4% 21.0± 11.1%
DbA ND ND ND ND ND ND ND
BghiP ND ND ND ND ND ND ND
InP 1.65± 2.3% 0.792± 0.1% 3.93± 4.6% 0.760± 0.6% 1.10± 1.0% 2.43± 1.6% 1.95± 2.0%

ND represent not detected.
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from the sale areas showed the most spatial variation in PAH8
bioaccessibility (Table 3). A decrease in bioaccessibility in AC filter
dust collected from the first to sixth floors was observed for the BaA
(92.5%), Chr (82.4%), BaP (84.4%), and BghiP (84.6%), while BbF
(339%) and InP (45.4%) followed the uptrend (Table 3).

ALF. It must be noted that soil/dust-bound organic pollutants
dissolve in the human body due to the physical and chemical
properties of simulated lung fluids. In the present study, Gamble's
solution was neutral (pH¼ 7), while ALF is more acidic (pH¼ 4).
Solution acidity can vary the apparent solubility of organic pollut-
ants and alter the adsorption-desorption equilibrium of organic
pollutants on soil/dust. Bioaccessibility of each PAH were quite
variable in ALF. The PAH8with the largest bioaccessibility measured
in AC filter dust collected from the sale areas and the office areas
both had BaP with means of 19.1± 13.7% and 14.8± 2.1%. After ALF
extraction, the bioaccessibility of the individual PAH8 fractions
present in the AC filter dust collected from the first to sixth floors
demonstrated similar spatial variation tendencies to those indi-
vidual PAH8 fractions after Gamble's solution extraction (Table 3).
In Gamble's solution with near neutral pH, all bioaccessibility of
PAH8 were generally higher (p< 0.05) than those in the ALF, which
suggests that the investigated PAH8 were more bioaccessibility in
simulated lung fluid of neutral pH. This finding was not consistent
with the observed bioaccessibility of PAHs in e-waste burning
particles (Xie et al., 2018).
3.3.2. Simulated digestive fluids
The complete digestive process includes the oral cavity and in-

testinal fluids. The lack of bioaccessible data on dust highlights the
need to employ in vitro digestion methods and to examine the
concentration and species of the bioaccessibility of PAHs in dustd-
this is critical for identifyingwhich constituents playa role in causing
negative oral cavity-gastrointestinal health outcomes in occupa-
tional exposed populations in a relatively closed environment. The
intestine is a major area where substances digested in the gastric
juice enter the intestinal tract and are absorbed (Zhang et al., 2015).
Bile salts and pancreatin are the main digestive enzymes in the in-
testinal tract (Zhang et al., 2015). After extraction with oral-
gastrointestinal fluids, the bioaccessibility of PAH8 varied markedly
over space across the sales areas and office areas (Table 4). The order
of bioaccessibility (%) in AC filter dust collected from the sales areas
was Chr> InP> BaA> BbF> BaP> BghiP>DbA> BkF (Table 4).With
the exception of Chr, BbF, BkF, and BghiP, other PAH8 average bio-
accessible fractions were higher than the corresponding bio-
accessibility in the AC filter dust collected from the office areas
(Table 4). These findings are similar to the literature where low
bioaccessibility values derived for PAH-contaminated soils via
invitromethods. For example, Grøn et al. (2007) determined that BaP
bioaccessibility in contaminated soils ranged from 2% to 16%. Other
in vitro assays, including the simulation of the human intestinal
microbial ecosystem, in vitro digestion assay (IVG), and relative
bioaccessibility leaching procedure have also yielded low bio-
accessibility values for PAH-contaminated soils (Van de Wiele et al.,
2004; Siciliano et al., 2010; James et al., 2011). The bioaccessibility of
Chr in the AC filter dust was the highest on both the first and second
floors, while InP had the most predominant bioaccessibility on the
fourth and sixth floors (Table 4). As the height increased (from the
first to the sixthfloors), thebioaccessibility of BaA, Chr, BkFandBghiP
decreased, while the other PAH8 (BbF, BaP, and InP) had increase
bioaccessibility. These results could be attributed to the fact that the
viscosity and humidity of airborne particles vary with the different
customer flow, temperature, and humidity on each floor, and the
binding ability of particulates adsorbed to AC filters is also different,
leading to varying absorbability (the reaction of bioaccessibility) of
the AC filter dust to PAH8 among the different floors. However, this
was just an assumption. More research is necessary in the future to
further analyze the components and characteristics of indoor envi-
ronmental pollution, especially the coupling effect of the flow,
temperature, and pollutant concentration fields.
3.4. Exposure assessment

In this study, exposure was assessed only by AC filter dust
ingestion and inhalation in the two sites of occupational exposure
in the shopping mall. The benzo[a]pyrene equivalent concentration
of the AC filter dust-bound PAH8 (SPAH8-BaPeq) after simulated
digestive and lung fluid extraction were estimated (Fig. S1).
3.4.1. Inhalation
Attention has increasingly been paid to the negative health ef-

fects of inhaled particles and their role in the cardiovascular health
of exposed individuals. This is due to their ability to penetrate deep



Table 4
Ingestion bioaccessibility (average± standard deviation; %) of PAH8 in AC filter dust after simulated digestive fluids extraction.

Sales areas Office areas Whole area

Whole sale areas first floor second floor fourth floor sixth floor

BaA 6.82± 4.6% 11.2± 6.2% 5.64± 3.0% 7.52± 5.2% 2.87± 0.9% 6.22± 3.2% 6.59± 4.0%
Chr 13.9± 11.5% 15.9± 4.5% 29.3± 10.0% 7.10± 2.2% 3.29± 0.7% 1.48± 1.0% 9.12± 10.8%
BbF 4.52± 1.8% 5.99± 0.7% 5.00± 0.1% 2.04± 1.1% 5.06± 1.5% 4.42± 1.6% 4.48± 1.6%
BkF 0.544± 0.3% 0.881± 0.2% 0.378± 0.1% 0.392± 0.2% 0.523± 0.3% 0.399± 0.1% 0.488± 0.2%
BaP 4.50± 2.3% 3.75± 0.4% 5.42± 4.5% 4.12± 2.0% 4.73± 3.3% 7.75± 4.7% 5.75± 3.6%
DbA 1.09± 1.1% 0.596± 0.3% 0.339± 0.1% 1.31± 0.6% 2.11± 2.0% 5.68± 8.5% 2.85± 5.5%
BghiP 2.20± 2.1% 2.69± 0.6% 0.956± 0.5% 1.52± 0.4% 3.65± 4.6% 1.18± 1.4% 1.81± 1.9%
InP 11.0± 9.0% 5.09± 0.9% 15.6± 13.8% 15.2± 14.4% 7.97± 1.0% 11.3± 5.9% 11.1± 7.7%

Y. Liu et al. / Environmental Pollution 246 (2019) 896e903902
into the alveoli where they may bypass the mucosal (epithelial)
barrier and negatively impact cardiac function (Brook et al., 2010;
Tripathi et al., 2018; Wei and Tang, 2018). In this study, following
extraction with two formulas of lung fluid (ALF and Gamble's so-
lution) after a 24 h extraction time, bioaccessible SPAH8-BaPeq was
found to have a high spatial variation in the two occupational sites
of the shopping mall (Figs. S1eA). From the sales areas to the office
areas, bioaccessible SPAH8-BaPeq after ALF extraction decreased
from 0.641± 0.3 to 0.252± 0.04 mg/day (a decrease of 60.9%).
Moreover, bioaccessible SPAH8-BaPeq after Gamble's solution
extraction increased from 0.734± 0.4 to 0.765± 0.1 mg/day (an in-
crease of 3.95%) from the sales areas to the office areas (Figs. S1eA).
In the sales areas, the highest bioaccessible SPAH8-BaPeq after ALF
and Gamble's solution extraction was found in the AC filter dust
from the first floor, followed by the second floor, fourth floor, and
sixth floor.

The mean EDIs of bioaccessible SPAH8-BaPeq after ALF and
Gamble's solution extraction through AC filter dust inhalation are
summarized in Table 5. The mean EDIInh of bioaccessible SPAH8-

BaPeq after ALF and Gamble's solution extraction in the all AC filter
dust were 3.05� 10�6 ± 1.3� 10�6 and 3.66� 10�6 ± 1.3� 10�6 mg/
day. The high EDI was found in the sale areas compared to the office
areas (3.14� 10�6± 1.6� 10�6 vs. 2.90� 10�6 ± 0.5� 10�6 mg/day
after ALF extraction and 3.60� 10�6 ± 1.7� 10�6 vs. 3.75� 10�6 ±
0.7� 10�6 mg/day after Gamble's solution extraction). The highest
EDI of bioaccessible SPAH8-BaPeq after ALF extraction was found on
the first floor, whereas the lowest intake was found on the sixth
floor (Table 5). The overall mean EDI of bioaccessible SPAH8-BaPeq

after Gamble's solution extraction was estimated at 5.93� 10�6 ±
0.6� 10�6, 3.79� 10�6 ± 0.2� 10�6, 2.95� 10�6 ± 0.6� 10�6, and
1.71� 10�6 ± 0.2� 10�6 mg/day for the first, second, fourth, and
sixth floors, respectively (Table 5). As indicated by the results of
Gamble's solution in this study. PAH8 present in the bioaccessible
fraction may be likely to be mobilized into solution by the more
neutral conditions resulting from associated respiratory immune
defense mechanisms. This highlights the need to consider the
complex mixture of various constituents, not just for PAH8 but for
other commonly present components found in airborne particles,
and the possible hazards to public health.
Table 5
Summary of estimated daily intakes (EDI, mg/day) of PAH8 by inhalation and ingestion e

Sales areas

Whole sale areas first floor se

Inhalation exposure (x 10�6)
Artificial lysosomal fluid extraction 3.14± 1.6 5.27± 0.2 3
Gamble's solution extraction 3.60± 1.7 5.93± 0.6 3

Ingestion exposure (x 10�4)
Oral-gastrointestinal fluids extraction 8.61± 1.4 9.63± 0.2 8
3.4.2. Ingestion
In the AC filter dust after simulated digestive extraction, the

SPAH8-BaPeq in the sales areas was lower than that in the office areas
(Figs. S1eB). This was not inconsistent with the results of SPAH8
(39.1± 5.1 vs. 33.2± 5.0 mg/g) and bioaccessible SPAH8 (1.60± 0.5
vs. 1.15± 0.2 mg/g) in the two sites of the shopping mall (Tables 1
and 2). This difference may be attributed to the composition of
individual PAH8 contributions to the overall BaPeq concentration
between the sales areas and the office areas (Figs. S1eB). For
example, both Chr and BbF were present at relatively high con-
centrations in AC filter dust collected from the sale areas, while
these exhibited low TEF values (Fig. 1 and Table 2). The averages of
SPAH8-BaPeq in AC filter dust from the first and sixth floors was
higher than that in the second and fourth floors (Figs. S1eB).

The EDI of bioaccessible SPAH8-BaPeq in the two sites of occu-
pational exposure in the shopping mall is shown in Fig. 1B. The
mean EDI of bioaccessible SPAH8-BaPeq by AC filter dust ingestion
for all of the employees in the shopping mall was
6.41� 10�4 �21.7� 10�4, with the mean level of 10.2� 10�4 ±
4.0� 10�4 mg/day. Exposure of employees in the sales areas to
bioaccessible SPAH8-BaPeq by AC filter dust ingestion was approxi-
mately 67.74% of those estimated for employees in the office areas
(Table 5). In the sales areas, the EDI of bioaccessible SPAH8-BaPeq in
all AC filter dust of the four floors was significantly lower (p< 0.05)
than that of the EDI in the office areas. The EDI of bioaccessible
SPAH8-BaPeq followed the general trend of first floor~ sixth
floor> second floor> fourth floor in the sales areas (Table 5).

4. Conclusions

Eight high molecular weight PAH8 were quantified in AC filter
dust. The bioaccessibility of PAH8 extracts was also investigated
in vitro in simulated biological fluids. The study results justify the
following conclusions.

The inhalation and ingestion bioaccessibility of PAH8 in AC filter
dust varied with the floor height and area function. Ultimately, the
occupational health effects of exposures to AC filter dust suggested
that the bioaccessibility of AC filter dust-bound PAH8 were signif-
icant factors in the human inhalation and ingestion health risk
assessment.
xposure of AC filter dust for the sales and office employees in the shopping mall.

Office areas Whole areas

cond floor fourth floor sixth floor

.49± 0.3 2.51± 0.9 1.28± 0.1 2.90± 0.5 3.05± 1.3

.79± 0.2 2.95± 0.6 1.71± 0.2 3.75± 0.7 3.66± 1.3

.45± 1.0 6.75± 0.5 9.62± 1.2 12.71± 5.6 10.2± 4.0
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