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Abstract

In this study, methodological factors influencing the dissolution of metal(loid)s in simulated lung
fluid (SLF) were assessed in order to develop a conservative method for the assessment of
inhalation bioaccessibility in PM; 5. To achieve this aim, the effects of solid to liquid (S/L) ratio
(1:100 to 1:5000), agitation (no agitation, occasional shaking, orbital and end-over-end rotation),
composition of SLF (artificial lysosomal fluid: ALF; phagolysosomal simulant fluid: PSF) and
extraction time (1 to 120 h) on metal(loid) bioaccessibility were investigated using PM> 5 from
three Australian mining/smelting impacted soils and a certified reference material. The results
highlighted that SLF composition significantly (p < 0.001) influenced metal(loid) bioaccessibility
and that when a S/L ratio of 1:5000 and end-over-end rotation was used, metal(loid) solubility
plateaued after approximately 24 h. Using the methodological parameters that yielded the most
conservative estimate of metal(loid) bioaccessibility, PM> 5 was then subjected to simulated
gastro-intestinal tract (GIT) solutions to simulate lung clearance and swallowing and the results
were compared to extraction using SLF alone. Although metal(loid) bioaccessibility in SLF alone
(24 h) varied from simulated GIT solutions alone (p < 0.05), there was no significant difference (p
> 0.05) when SLF alone (24 h) was compared to SLF followed by simulated GIT solutions.
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1. Introduction

Epidemiological studies have consistently linked chronic and short term exposure to fine
particulate matter with an aerodynamic diameter of < 2.5 pm (PM> 5) to adverse health
outcomes (Fajersztajn et al., 2017; Pinault et al., 2017; Pope and Dockery, 2006; Pun et al.,
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2017). The main constituents of PM> 5 include sulphate (20%), crustal materials (soil, sand,
road and desert dust; 13.4%), equivalent black carbon (11.9%), NH4NO3 (4.7%), sea salt
(2.3%), trace element oxides (1%), water (7.2%) and residual matter (40%) (Snider et al.,
2016). An increase of 10 ug PM, 5 m3 was linked to increased respiratory illness related
hospital admission frequencies and 1.04% in mortality (Atkinson et al., 2014). Recent
research highlighted that metals in PM, 5 (e.g. Cu, Fe, Mn and Ni) collected at traffic
intersections may have considerable oxidative capabilities (Fujitani et al., 2017).
Additionally, metals in aqueous extracts of PM, 5 have been demonstrated to cause lung
inflammation and injury, oxidative stress, lipid and protein damage and cardiovascular injury
in mouse and rat models (Gavett et al., 2003; Pardo et al., 2016; Shuster-Meiseles et al.,
2016). Similarly, metals (Fe, Cu, Ni, Co and Cr) in PM, 5 were also associated with
inflammatory responses in mouse type Il alveolar cells (He et al., 2017). Therefore, although
metal oxides may comprise a small proportion of PM5 5, it may represent substantial
potential to cause human health injuries. This is particularly relevant for mining/smelting
impacted PM>, 5 because fine particulate matter with elevated toxic metal(loid)s from smelter
activities may persist in residential areas (e.g. sidewalks) for a long time as reported in
northern France by Pelfréne and Douay (2017). Furthermore, because of its small mass,
PM, 5 may stay airborne for extended periods and travel long distances, impacting
communities far from point sources.

Instead of using total meta(loid) concentration for human exposure assessment, it is more
relevant to use the concentration of metal(loid)s in PMs 5 that may potentially dissolve in the
lung fluid and be absorbed into the blood. Although the bioavailable fraction (metal(loid)s
absorbed into the systemic circulation) remains the most appropriate, exposure assessment
refinement using the bioaccessible fraction (metal(loid) extracted using simulated lung fluid
(SLF)) is often more desirable as a rapid and cost effective approach. PM, 5 may stimulate
engulfment by lung macrophages in the respiratory system and metal(loid) dissolution may
take place within the acidic environment of phagolysosomes. Several SLFs have been
developed to simulate phagolysosomal fluid, e.g. simulated intracellular fluid, artificial
lysosomal fluid (ALF) and phagolysosomal simulant fluid (PSF), the latter two being more
popular in bioaccessibility assays (Kastury et al., 2017). However, the extraction efficiencies
of these SLFs have not been compared. Additionally, significant knowledge gaps exist in
methods currently used to determine metal(loid) bioaccessibility in PM, 5 (Kastury et al.,
2017). For example, the solid to liquid (S/L) ratio used ranges significantly (1:100 —-1:1163)
(Hamad et al., 2014a; Potgieter-Vermaak et al., 2012; Wiseman and Zereini, 2014) or is not
reported because a part of the filter paper with which the particles were collected was used
directly in assays (Mukhtar and Limbeck, 2013; Schaider et al., 2007); agitation varies from
occasional (Wiseman and Zereini, 2014), continuous (Hamad et al., 2014b; Potgieter-
Vermaak et al., 2012) or ultrasonic (Mukhtar and Limbeck, 2013); and extraction time varies
from 1 (Mukhtar and Limbeck, 2013) to 120 h (Schaider et al., 2007). Furthermore,
approximately 85 to 90% of deposited particles, including those engulfed by macrophages,
may be cleared from the lung within 24 h, although clearance from the alveolar region is
assumed to be slower (Hofmann, 2011). Because particles cleared from the lungs are
transported into the gastrointestinal tract (GIT), several researchers have used dissolution in
gastric solution alone to determine metal(loid) bioaccessibility from PM, 5 (Colombo et al.,
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2008; Okorie et al., 2012; Puls et al., 2012). Evaluation of metal(loid) dissolution in
simulated GIT solutions alone or after leaching in SLF has not been investigated.

The overarching aim of this study was to develop a conservative method to assess inhalation
bioaccessibility of metal(loid) in PM5 5 from environmental samples. To achieve this aim,
the effect of solid to liquid (S/L) ratio, agitation, SLF composition and extraction time on
metal(loid) bioaccessibility in PM, 5 was assessed using SLF and compared to the extraction
efficiencies using GIT solutions. Seven metal(loid)s (Al, As, Cd, Fe, Mn, Pb, Zn) from three
environmental matrices and a certified reference material were used to develop a
standardised inhalation bioaccessibility assay for metal(loid)s in PM, 5.

2. Materials and Methods
2.1 Collection of PMy g

Surface soils (0 to 20 cm) from three Australian mining/smelting impacted sites were
collected: historic non-ferrous slag impacted soil from York Peninsula (SH15), smelting
impacted soil from Port Pirie (PP) and calcinated mine waste (CMW) from the golden
triangle region of Victoria. Soil (< 2 mm) was dried at 40°C and sieved to recover the < 53
um particle size fraction using an Endecotts Octagon digital shaker. To extract the fine dust
fraction (PM5 5), 2 to 5 g of the < 53 um particle size fraction was applied to a hydrocyclone
connected to a three speed vacuum cleaner (Pullman). Upon entering the system, the fine
dust fraction travelled towards the top of the cyclone and was collected onto a glass
microfiber filter paper (Whatman, grade GF/A, 1.2 um pore size). The remaining > 2.5 ym
particle size fraction was captured in a plastic vessel below the cyclone and discarded. Fine
particulate matter (stock PM, 5) depositing on the filter paper was collected, pooled,
homogenised (end-over-end rotation for 24 h) and stored at 20°C.

2.2 Physicochemical characterisation of PM5 5

Particle size distribution was analysed by dispersing 5 mg of PM, 5 in 0.1 M NaCl overnight
(end-over-end rotation), followed by analysis using a Particle Sizer 380 ZLS (NICOPM).
The BET surface area in samples was determined using an ASAP 2420 (Micrometritics)
after thermal degassing at 200°C overnight. Total metal(loid) concentration was determined
using ICP-MS (ASX-500 series), following aqua-regia digestion (1:3 — 70% HNO3: 36.5%
HCI) (MARS-6 microwave (CEM) and USEPA method 3051 (USEPA, 1998)). X-ray
absorption spectroscopy (XAS) was utilised to determine As, Fe and Pb speciation (MRCAT
beamlines 10-BM (As and Fe) and 10-1D (Pb)), Sector 10, at the Advanced Photon Source
of the Argonne National Laboratory, U.S following methods described in (Kropf et al., 2010;
Segre et al., 2000).

2.3. Formulation of simulated lung fluids

Artificial lysosomal fluid (ALF) and phagolysosomal simulant fluid (PSF) were freshly
made by dissolving the following in 1 L of MilliQ water and adjusting the pH to 4.5:

ALF: 3.21 g Sodium chloride, 6.0 g Sodium hydroxide, 20.8 g Citric acid, 0.128 g Calcium
chloride (dihydrate), 0.071 g Sodium hydrogen phosphate dibasic (anhydrous), 0.039 g
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Sodium sulphate, 0.05 g Magnesium chloride (anhydrous), 0.059 g Glycine, 0.077 g Sodium
citrate (dihydrate), 0.09 g Sodium tartrate (dihydrate), 0.085 g Sodium lactate, 0.086 g
Sodium pyruvate, 0.05 g Benzalkonium chloride.

PSF: 6.65 g Sodium chloride, 0.029 g Calcium chloride (dihydrate), 0.142 g Sodium
hydrogen phosphate dibasic (anhydrous), 0.071 g Sodium sulphate, 0.45 g Glycine, 4.085 g
Potassium hydrogen phthalate, 0.05 g Benzalkonium chloride.

2.4. Assessment of metal(loid) bioaccessibility using SLF

2.4.1. The effect of solid to liquid (S/L) ratio on metal(loid) bioaccessibility—
Acrtificial lysosomal fluid (ALF) was utilised in this assay as it is the most commonly used
SLF to assess the bioaccessibility of metal(loid)s in PM, 5. The solid (g) to liquid (mL)
ratios (S/L) tested in this assay were 1:100, 1:500, 1:1000 and 1:5000. When necessary, the
pH was re-adjusted to 4.5 + 0.5 at the start of the assay using 1 M NaOH, which was
performed at 37°C for up to 120 h using end-over-end rotation at 45 rpm. Samples were
collected at 1, 8, 24, 48, 72, 96 and 120 h and centrifuged at 13,000 rpm (18 g) for 3 minutes
to separate the solid from liquid. The supernatant was diluted with 0.1 M HNO3 and stored
at 4°C until analysis using ICP-MS (ASX-500 series).

2.4.2. The effect of agitation on metal(loid) bioaccessibility—Using an S/L ratio
of 1:5000, metal(loid) bioaccessibility in PM> 5 was assessed using ALF with no agitation,
occasional agitation (15 minutes of orbital rotation at 150 rpm, once a day), orbital rotation
(150 rpm) and end-over-end rotation (45 rpm). Assays were conducted for up to 120 h at
37°C, with sample collection, separation and metal(loid) analysis performed according to
section 2.3.1.

2.4.3. The effect of SLF composition on metal(loid) bioaccessibility—The
extraction efficiencies of ALF and PSF were investigated in this assay as they are the two
most widely used SLFs. Using an S/L ratio of 1:5000 and end-over-end rotation (45 rpm),
PM, 5 was assessed for up to 120 h at 37°C. The starting pH was readjusted to 4.5+ 0.5 in
ALF and PSF using 1 M NaOH and KOH respectively. Sample collection and separation
was performed according to section 2.3.1. Metal(loid)s were analysed by ICP-MS using
matrix matched calibration to avoid matrix bias.

2.5. The effect of simulated GIT solutions on metal(loid) bioaccessibility

This assay was conducted in two stages at 37°C to investigate the combined effect of particle
deposition in the lung, followed by simulation of lung clearance and passage through the
GIT. In stage 1, PM, 5 was added to ALF (S/L ratio 1:5000), pH adjusted to 4.5 + 0.1 and
agitated for 24 h using end-over-end rotation (45 rpm) in a 50 mL Falcon tube. At the end of
the assay, samples were centrifuged at 4000 rpm for 10 minutes to separate the solid from
liquid. The supernatant was decanted, reserving 10 mL for metal(loid) analysis (lung phase
sample), which was acidified using 0.1 M HNO3 and stored at 4°C until analysis. Stage 2
was conducted using the SBRC method (Kelley et al., 2002) with modification described
by? Juhasz et al, (2009a). Simulated gastric solution (40 ml, 0.4 M glycine, pH adjusted to
1.5 £ 0.05 using concentrated HCI) was added to the residual PM, 5 from step 1 and rotated
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end-over-end (45 rpm). After 1 hour, gastric phase samples (4 mL) were collected, syringe
filtered (0.45 um), acidified with 0.1 M HNOg3 and stored at 4°C until analysis. Bovine bile
(70 mg) and porcine pancreatin (20 mg), dissolved in 3 mL MilliQ water, was then added to
each tube to simulate the conditions in the small intestines, while the pH was adjusted to 7.0
+ 0.1 (using 50% and 5% NaOH; ~ 1 ml). Samples were rotated end-over-end for 4 h, after
which, intestinal phase samples (10 mL) were collected by syringe filtration (0.45 pm),
acidified with 0.1 M HNO3 and stored at 4°C until analysis. To avoid matrix bias, matrix
matched calibration was used during the analysis of metal(loid)s by ICP-MS.

2.6 Quality assuarance, quality control and statistical analysis

The accuracy of the aqua-regia digestion method was confirmed by including duplicate
analysis, check values and a quantitative average As and Pb recovery from NIST 2710a
(1540 + 100 mg As kg1 and 5522 + 30 mg Pb kg™1). The average deviation between
duplicate samples (n = 3) was 4.8% for As and 4.7% for Pb. The average As and Pb recovery
from spiked samples (n = 3) was 93.8% and 107.8% respectively, whereas average check
value recoveries (n = 3) for As was 99.8% and Pb was 104.3%.

Statistical significance of differences among metal(loid) bioaccessibility determined in
sections 2.4.1, 2.4.2 and 2.4.3 were conducted using Two-way ANOVA (a = 0.05), treating
each time point independently. Statistical significance in section 2.5 for metal(loid)
bioaccessibility was conducted using One-way ANOVA (a = 0.05).

3. Results and Discussion

The complex nature of PM5 5 composition, deposition and clearance has contributed to the
variability in the /n-vitro methods used for bioaccessibility assessment. This study focused
on investigating the effects of the methodological factors that influence metal(loid)
bioaccessibility using SLF (e.g. sample matrix, methodological parameters, effect of
ingestion following inhalation), in order to standardise a conservative method that is
biologically relevant to a human inhalation scenario. Upon inhalation, PM, 5 deposition in
the lung stimulates engulfment by epithelial and alveolar macrophages, creating a
phagosome. The fusion of a lysosome to the phagosome creates a phagolysosome with an
internal pH of 4.5, where metal(loid) dissolution may occur depending on its mineralogy and
speciation. For the purposes of optimising a protocol for bioaccessibility testing, it was
assumed that once inhaled, 100% of the PM> 5 was deposited in the lung and was engulfed
by macrophages. Furthermore, it was also assumed that upon clearance from the lung by the
mucociliary action, PM5 5 passed through the GIT. Although PM, 5 may contain fine (0.1—
2.5 um) and ultrafine (< 0.1 pum) particles, those with aerodynamic sizes between 0.1- 2 um
stimulate macrophage engulfment most efficiently (Black, 1999), while ultrafine particles
may be absorbed into the pulmonary interstitium and exert additional toxicity, such as the
generation of reactive oxygen species (Oberdorster, 2000). Because metal(loid) dissolution
alone is assessed in a bioaccessibility assay, additional toxicity caused by fine and ultrafine
particles was considered to be out of scope for this study. In discussing the results, particular
focus was given to As and Pb as these two metal(loid)s have been identified by the Agency

Environ Pollut. Author manuscript; available in PMC 2019 October 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Kastury et al. Page 6

for Toxic Substances and Disease Registry as the number 1 and 2 contaminants in the
Priority List of Hazardous Substances (2017).

3.1 Physico-chemical characteristics of mining/smelting impacted PM, 5

The total concentration of nine trace elements (As, Cd, Cr, Co, Cu, Mn, Ni, Pb and Zn) and
six major elements (Al, Ca, Fe, K, Mg and P) in PM, 5 is given in Table 1. The
concentration of As was the highest in CMW (15240+190 mg/kg), followed by SH15
(2010+17.2 mg/kg) and PP (160+0.8 mg/kg). Similar to CMW, elevated As concentrations
in soil samples from gold mining regions have been reported previously (Meunier et al.,
2010) and may be associated with the sulphidic phases in gold ores (Ollson et al., 2016). The
results of speciation analysis demonstrated that the majority of the As present in all three
samples was sorbed species (70-90%) with the remainder present as scorodite and
beudantite (Table 2). The concentration of Pb was highest in PP (7450490 mg/kg) as a
result of historic Pb smelting activity with Pb present predominantly as sorbed / bound
phases (93%; Table 2). Similar to PP, Pb in CMW (1800+10 mg/kg) was also present as
sorbed / bound phases, however, tertiary Pb phosphate, hydroxypyromorphite and litharge
were observed in SH15 (1330116 mg/kg).

The concentration of As and Pb in particles with less than 10 um in aerodynamic diameter
(PMyq) in SH15, PP and CMW has been reported elsewhere (Kastury et al.) (Submitted
manuscript in 2018). There was no significant difference (p > 0.05) in As concentration
between PM1g and PM,, 5, indicating that As was not enriched in the smaller particle size
fraction. However, compared to PMjq Pb in PM; 5 was enriched by up to 1.7 fold. A similar
enrichment in the concentrations of other trace elements (e.g. Co, Cr, Cu, Mn, Ni and Zn) in
PM,, 5 suggests that this fraction may act as a sink for toxic metals. Although the mean
particle diameter was similar in PM 5 across the three samples (1.24+0.05 pm in SH15,
2.17+0.65 pm in PP and 1.6£0.05 um in CMW), noteworthy differences in BET surface area
were observed between PP (32.1 m?/g), CMW (18.7 m2/g) and SH15 (4.4 m2/g). The high
BET surface area observed in PP PM, 5 may be attributed to the emission of fine particles
during the smelting which may contribute to the enrichment of Pb in the small particle size
fraction.

3.2 The effect of S/L ratio on PM, 5 metal(loid) bioaccessibility

Figure 1 shows the influence of S/L ratio on As and Pb bioaccessibility in PM> 5. For both
As and Pb, dissolution plateaued within 24 h. Although As concentration varied significantly
between samples, percentage As bioaccessibility after 24 h was similar across the four
matrices (PP: 70.5%; SH15: 69.1%: CMW: 64.7%; NIST2710a: 60.1%). The similarity in
As bioaccessibility between the environmental samples stems from the similarity in As
speciation (e.g. 70-90% of the As was present as sorbed species). In contrast, Pb
bioaccessibility varied among the matrices, with values ranging from 50.6% (NI1ST2710a) to
81.2% (PP). The high As and Pb bioaccessibility in PP can be attributed to the
predominance of sorbed species and the high BET surface area (32.1 m2/g) which will both
influence metal(loid) dissolution.
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S/L ratio did not significantly affect As and Pb bioaccessibility in SRM 2710a after 24 h (p
> 0.05). This result is similar to a recent study conducted by Pelfréne et al. (2017) who
reported no significant difference in Cd, Pb and Zn bioaccessibility in three certified
reference materials (BCR-723, SRM NIST 2710a and SRM NIST 1648a) using ALF, a S/L
ratio of 1:1000 — 1:10,000 and a 24 h assessment period. In the present study, As and Pb
bioaccessibility at 24 h was significantly higher (p < 0.05) in PP, SH15 and CMW when a
S/L ratio of 1:5000 was used compared to 1:100. However, As bioaccessibility decreased by
8% in SH15 and between 12-14% in CMW when S/L ratio of 1:5000 was used compared to
1:500 and 1:1000 (p < 0.05). A similar decrease in the bioaccessibility of other elements (Al,
Fe, Mn and Zn) was also observed in these samples (Figure S1). Schaider et al. (2007)
suggested that phosphate may form insoluble Zn3(POg), during SLF extractions at pH 4.5,
which may account for decreased Zn bioaccessibility with increasing S/L ratio. Arsenic and
Pb have also been shown to form complexes with inorganic and organic constituents in SLF
(Marschner et al., 2006), decreasing the fraction that remains in solution over time.

Although the concentration of PM 5 in air may vary significantly depending on location (1-
217 pg/m3) (WHO, 2016), the acceptable concentration of PM 5 is 10 pug/m3 (Apte et al.,
2015) (with a 2015 world average PM 5 of 44 pg/m?3 (Bank, 2017)). Using an air intake
value of 20 m3/day (Julien et al., 2011), the mass of PM 5 that may be inhaled using PM; 5
concentrations of 10 to 217 pg/m3 falls between 0.2 to 4.34 mg. With a total lung fluid
volume of 20 mL (Julien et al., 2011), the biologically relevant S/L ratio may be estimated to
be 1:4650 — 1:100,000, although, it may be assumed that the total volume of
phagolysosomal liquid within the macrophages would be lower than lung lining fluid. The
lowest biologically relevant particle loading used in this study was 1:5000, because
concentrations of several metals were below the level of quantification when a lower S/L
ratio was used. Also, at lower particle loading, scaling up becomes impracticable as it would
require large volumes of SLF. As a consequence, a S/L ratio of 1:5000 was used as a
biologically relevant particle loading for further studies assessing the influence of other
operational parameters on inhalation bioaccessibility.

3.3 The effect of agitation on PM, 5 metal(loid) bioaccessibility

It has been suggested that certain agitation methods may result in particle agglomeration and
reduce the available surface area for metal-chelator interaction /n-vitro (Julien et al., 2011).
Therefore, the effect of four different agitation methods was assessed for their influence on
metal(loid) bioaccessibility: no agitation, occasional orbital, end-over-end rotation and
magnetic stirring. Figure 2 demonstrates that with the exception of magnetic stirring, As and
Pb bioaccessibility appears to be unaffected by the choice of agitation, plateauing after 24 h.
This result agrees with findings of (Kastury et al.) (Submitted manuscript in 2018), where
using a S/L ratio of 1:5000 and Gamble’s solution (pH 7.4), there was no significant
difference in the bioaccessibility of metal(loid)s as a result of agitation types other than
magnetic stirring. As strong mechanical mixing is not congruent to the mixing processes in
the lung, magnetic stirring was concluded as not being biologically relevant. Particles were
visually the most dispersed using end-over-end shaking and for this reason, end-over-end
shaking was selected as the mixing approach for sample agitation.
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3.4 The effect of SLF composition on PM, 5 metal(loid) bioaccessibility

A recent review by Kastury et al. (2017) identified four fluid compositions simulating the
environment inside a phagolysosome: Simulated intracellular fluid (Thelohan and De
Meringo, 1994), two versions of artificial lysosomal fluid (ALF) (Midander et al., 2007;
Stopford et al., 2003) and phagolysosomal simulant fluid (PSF) (Stefaniak et al., 2005).
Simulated intracellular fluid has not been used in recent metal(loid) bioaccessibility studies
(Kastury et al., 2017), while preliminary experiments demonstrated that there was no
significant difference in metal(loid) extraction efficiencies between the two versions of
ALFs (data not shown). Due to their extensive use, metal(loid) bioaccessibility using ALF
and PSF was assessed in order to compare extraction efficacies (Figure 3 and S3). As with
previous assessments, As and Pb solubility plateaued at 24 h, indicating that this timeframe
may be adequate for the assessment of metal(loid) bioaccessibility in PM, .

When the 24 h time point was assessed, both As and Pb bioaccessibility was significantly
higher (p < 0.001) when assessed using ALF compared to PSF. Arsenic bioaccessibility was
1.6 (SH15) to 3.4 fold higher (CMW) while Pb bioaccessibility was 1.5 (SRM 2710a) to 3.9
fold higher (CMW) using ALF compared to PSF. The bioaccessibility of other elements (Al,
Cd, Fe, Mn and Zn; Figure S4) was also higher in ALF, with the values plateauing within 24
h. Although both ALF and PSF methodologies are conducted under the same pH conditions,
there are important differences in fluid composition with respect to metal chelation capacity,
e.g., amino acids and organic molecules. Glycine was the only metal chelator present in PSF
while ALF contains a mixture of glycine, citrate, tartrate, lactate and pyruvate, which may
contribute to the higher metal(loid) extraction capacity. Consequently, for a conservative
estimate of metal(loid) inhalation bioaccessibility, ALF should be utilised as the in-vitro
fluid.

3.5 The effect of simulated GIT solutions on PM, 5 metal(loid) bioaccessibility

Macrophage engulfment (including alveolar and epithelial) is most effectively stimulated by
particle sizes of 0.1-2 um (Black, 2005), which predominantly deposit in the head airways
and only 10% in both the alveolar region and tracheobronchial region (Smith, 1994).
Approximately 90% of the particles depositing in the respiratory tract are thought to be
transported to the pharynx by mucociliary action, although clearance is assumed to be
slower from terminal alveoli (Kastury et al., 2017). It is therefore likely that particles
engulfed by epithelial lung macrophages in the tracheobronchial region are transported to
the GIT, where metal(loid) dissolution and absorption may occur. Several researchers have
assessed PM, 5 metal(loid) bioaccessibility using simulated gastric solutions on the
presumption that this would yield the most conservative bioaccessibility estimates. In this
study, metal(loid) bioaccessibility in SLF alone (24 h) was compared to bioaccessibility
outcomes in simulated GIT solutions alone, as well as following a 24 h SLF phase in order
to glean differences between assessment approaches.

3.5.1 Effect of transitioning PM> 5 to simulated GIT solution following
extraction in ALF—Figure 4 shows a comparison of As and Pb bioaccessibility when
assessed using ALF alone for 24 h (ALF) or when PM, 5 was transitioned into gastric or
intestinal phases of the SBRC assay following 24 h extraction using ALF when transitioned
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to gastrointestinal extraction (either ALF+G or ALF+G+I). With the exception of PP, As
bioaccessibility in ALF alone did not significantly differ from values obtained using ALF+G
or ALF+G+I (p>0.05). For example, in SH15, As bioaccessibility was 63.3 + 0.9%, 64.7

+ 0.8% and 65.9 + 0.9% when assessed using ALF, ALF+G and ALF+G+I respectively.
Although a significant increase in As bioaccessibility was observed in PP using ALF+G+I
compared to ALF alone or ALF+G (p < 0.05), the increase was small (1.2 fold). Similarly,
there was no significant difference (p > 0.05) in Pb bioaccessibility when assessed using
ALF, ALF+G and ALF+G+I for all matrices. Lead bioaccessibility in these assays ranged
from 50.8 to 55.6% (SRM 2710a), 74.8 to 78.9% (SH15), 85.6 to 88.3% (PP) and 58.8 to
63.3% (CMW). Likewise, no significant increase in PM, 5 metal(loid) bioaccessibility was
also observed for Cd, Fe and Mn when ALF was utilised alone or in combination with GIT
extraction (Figure S4). This result is in contrast to findings from PMy studies (i.e. PM1g
samples sourced from SH15, PP and CMW) (Kastury et al. submitted manuscript), where As
and Pb bioaccessibility increased up to 3 fold, when bioaccessibility assays were
transitioned from SLF (Hatch’s solution, pH 7.4) into simulated GIT solutions. The reason
for this difference was attributed to the neutral pH (7.4) of Hatch’s solution used to assess
PM inhalation bioaccessibility where metal(loid) bioaccessibility was low compared to the
acidic pH of ALF (4.5) where maximum dissolution occurred.

3.5.2. Comparative extraction efficiencies of ALF and simulated GIT
solutions—PM, 5 metal(loid) bioaccessibility in ALF alone was also compared to
bioaccessibility outcomes obtained in simulated gastric [G] and small intestinal solutions [G
+1] alone (Figure 4). When As was assessed, bioaccessibility was 16.6 — 29.4% lower
following G+1 assessment compared to G. Similar findings have been reported for other
contaminated materials (Juhasz et al., 2009b; Li et al., 2015) using the SBRC assay (used in
this study), physiologically based extraction test (PBET), in vitro gastro-intestinal method
(IVG) and Deutches Institut fur Normung (DIN). Similarly, compared to gastric phase alone,
Pb bioaccessibility following G+l extraction decreased significantly (18.8 to 61.9%), which
occurs as a result of the increase in pH from 1.5 to 7 (Smith et al., 2011). The mechanisms
responsible for the decrease in As and Pb bioaccessibility under G+1 conditions include co-
precipitation with amorphous Fe or re-adsorption into the sample matrix as a result of the
increase in pH (Martinez and McBride, 2001; O’Reilly and Hochella, 2003; Ruby et al.,
1996).

Metal(loid) bioaccessibility using ALF alone was significantly different from that using
simulated GIT solutions alone (P < 0.05). Arsenic bioaccessibility was higher when assessed
using gastric phase conditions (G) compared to ALF for PP (1.08 fold; p > 0.05), SH15 (1.2
fold; p < 0.05) and CMW (1.3 fold; p < 0.05). Higher As bioaccessibility when assessed
using simulated gastric solution was expected as the extent of the solubility of As (V), which
is the principle form that As was present in PM, 5 samples, is pH dependent (Gersztyn et al.,
2013). In contrast, Pb bioaccessibility in ALF was 1.12, 1.20 and 1.30 fold higher (P < 0.05)
in SRM 2710a, PP and CMW respectively compared to gastric phase alone; with the
exception of SH15 where no significant difference (p > 0.05) was observed between
methodologies. This result differs to results obtained by Mukhtar and Limbeck (2013), who
reported higher Pb bioaccessibility using simulated gastric solutions compared to ALF.
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However, Mukhtar and Limbeck (2013) conducted extraction using both gastric solutions
and ALF over a 1 h period, whereas in this study, a more biologically relevant extraction
time was used (e.g. 24 h extraction using ALF and 1 h extraction using gastric solution). It is
likely that the higher Pb bioaccessibility in ALF was a combination of increased contact
time and the presence of metal chelators in ALF (e.g. citrate, tartrate, lactate, pyruvate).
Similar to Pb, higher Fe and Mn bioaccessibility (Figure S4) was also observed in ALF
alone, compared to simulated GIT solutions.

4. Conclusion

The results of this study demonstrate that S/L ratio, fluid composition, as well as extraction
time significantly influences metal(loid) bioaccessibility in PM, 5. Furthermore, when a S/L
ratio of 1:5000, end-over-end rotation (45 rpm) and 24-hour extraction time was used,
metal(loid) bioaccessibility in ALF was higher than in simulated GIT solutions. Because the
average thickness of air-blood barrier is estimated to be 1.3 um in diameter, soluble ions and
small molecules are thought to be rapidly absorbed into blood (Kanapilly, 1977). As the
majority of metal(loid) solubilisation was observed to take place in the SLF within 24 h, it
may be presumed that dissolved metal(loid)s would potentially be absorbed into the
systemic circulation via the pulmonary interstitium. This suggests that it may not be
necessary to undertake further investigations using extractions that simulate gastric solution
alone or in conjunction with ALF extraction to estimate PM, 5 inhalation bioaccessibility.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Effect of solid to liquid ratio (® 1:100, ® 1:500, A 1:1000 & ™ 1:5000) on As and Pb
bioaccessibility (mg/kg) (37°C, ALF, end-over-end rotation) (mean + SEM, n = 3).

SRM2710a = Standard reference material from the National Institute of Standards and
Technology, SH15 = non-ferrous slag impacted PM> 5, PP = smelter impacted PM> 5 and
CMW = calcinated mine waste impacted PM 5. Significant difference (ANOVA, a = 0.05)
between 1:5000 & 1:100 = a, 1:5000 & 1: 500 = b, 1:5000 & 1:1000 = c.

Environ Pollut. Author manuscript; available in PMC 2019 October 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Kastury et al.

As (mg/kg)

Pb (mg/kg)

Page 15

20007 SRM 2710a - As (total 1653 + 6.1 mgke) 25007 SHIS - As (total: 2011 + 17.2 mg/ke) 4007 pp._ As (total: 156 + 0.8 me/ke) 200007 CMW - As (total: 15242 + 192 mg/kg)
s . s 16000
{» """"""" ][ ''''' 12000 2.
200
80004
1001 40004
0+ - : - : ) - : - : . 0 - 0 - - - : .
0 24 48 72 9% 120 0 24 43 72 9% 120 0 24 48 72 % 0 24 43 7 % 120
20007 SHJ5 - Pb (total: 1330 + 16.2 me/kg) 10000 pp _ pp (total: 7454 3 + 485 mke) 20007 MW - Pb (total: 1803 + 10.1 mg/ke)
0004 16004
1500 80001 a
I TO—— ¥
& b b 6000 -fr 1200
100§ geretmrerrbrerrrct .
< 4000
5004
200 2000 400
0+ : . : : . - . . . . 0 - 0 : - - - .
0 24 48 72 % 120 0 24 48 72 9% 120 0 24 43 72 % 0 24 48 72 9% 120
Time (urs) Time (hrs) Time (hrs) Time (hrs)
Figure 2:

Effect of agitation (magnetic stirring#, orbital rotation®, occasional stirring 4, end-over-end
rotation M) on As and Pb bioaccessibility (mg/kg) (37°C, ALF, S/L ratio of 1:5000) (mean %
SEM, n = 3). SRM2710a = Standard reference material from the National Institute of
Standards and Technology, SH15 = non-ferrous slag impacted PM, s, PP = smelter impacted
PM, 5 and CMW = calcinated mine waste impacted PM s. Significant difference between
end over end vs magnetic stirring = a, end over end vs occasional stirring = b and end over
end vs orbital rotation = c).
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Figure 3: Effect of SLF composition (ALF®, PSF®) on As and Pb bioaccessibility (mg/kg) (37°C,

S/L ratio of 1:5000 and end-over-end rotation: 45 rpm) (mean £ SEM, n = 3).

SRM2710a = Standard reference material from the National Institute of Standards and
Technology, SH15 = non-ferrous slag impacted PM> 5, PP = smelter impacted PM, 5 and
CMW = calcinated mine waste impacted PM 5. Significant differences (two-way ANOVA,
a = 0.05) in bioaccessibility between the two simulated lung fluids are indicated as * = P <

0.05, ** = p < 0.01 and *** = p < 0.001.
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Figure 4: Comparison of As and Pb bioaccessibility when assessed using ALF alone or in
combination with GIT extraction (either gastric [G] or gastric and intestinal [G+I] extraction)

(mean + SEM, n = 3).

Total metal(loid) concentration (M), ALF (W), ALF + gastric solution (M), ALF + gastric +
intestinal solution (™), gastric solution (M), gastric + intestinal solution (®). SRM2710a =
Standard reference material from the National Institute of Standards and Technology, SH15
= non-ferrous slag impacted PM5 5, PP = smelter impacted PM, 5 and CMW = calcinated
mine waste impacted PM> 5. PM> 5 was assessed in ALF for 24 hours, followed by gastric
(G) and intestinal (1) solutions (SBRC method). Additionally, PM, 5 was assessed in gastric
(G) and intestinal (1) solutions only to determine the difference between inhalation +
ingestion and ingestion only pathways. Statistically significant differences (ANOVA, a =
0.05) between metal(loid) bioaccessibility is indicated by dissimilar letters.
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