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GRAPHICAL ABSTRACT

Inhalation of PM

Metal(loid)s bioaccessibility assessment
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Abstract

The bioaccessibility of metal(loid)s in ambientfparate matter (PM) has been recently used to
represent the risk of inhalation exposure. Nevégtise different methodological factors affect
the bioaccessibility values; among these, the &mkcomposition of surrogate biological fluids
and the liquid to solid ratio have been revealededhe most important. To better understand
how these methodological aspects affect the bicaduéty, a reference material corresponding
to urban dust (SRM 1648a) was contacted with syitth@logical fluids commonly used in the
literature representing surrogate fluids that nmagract with fine (Gamble’s solutions, artificial
lysosomal fluid (ALF)) and coarse particles (gastiluid), for liquid to solid (L/S) ratios
ranging from 500 to 20,000. Visual MINTEQ 3.1. wased to enhance the discussion on how
the solubility of metals in the leaching solutioepgnds on the composition of the simulated
fluids and the speciation of metals. The resultimiokd indicate that a small change in the
composition of Gamble’s solution (the presence lgtige) may increase significantly the
bioaccessibility at a L/S ratio of 5,000. The higthbioaccessibility of most of the studied
metal(loid)s at a L/S ratio of 5,000 was found AdrF fluid. The study of the effect of the L/S
ratio showed that metal(loid)s bioaccessibilitydamble’s fluid increased logarithmically with
increasing L/S ratio, while it remained practicaltpnstant in ALF and gastric fluid. This
different behavior is explained assuming that geching of metal(loid)s in Gamble’s solution

is solubility-controlled, while in ALF and gastriuid is availability-controlled.

Keywords: inhalation bioaccessibility, trace metal(loid)sp#hetic body fluids, urban dust
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1. Introduction

Inhalation of ambient particulate matter (PM) hagrb mainly associated with respiratory and
cardiovascular diseases (Campen et al., 2001; Wala et al., 2007; Hoek et al., 2013;
Cesaroni et al, 2014). The major components of Pdsalfate, ammonium, nitrate, sodium,
chloride, sea salt, carbonaceous material andatrament, while the minor ones are trace
metal(loid)s, in addition to persistent organic pounds (Seinfeld and Pandis, 2016). Trace
metal(loid)s are potentially toxic because they majuce the formation of reactive oxygen
species (ROS) that can damage DNA an initiate alytat cycle of cell membrane lipid
peroxidation (See et al., 2007; Charrier et all,£2®Bates et. al. 2015).

Recent toxicological research highlighted that sbuble forms of metal(loid)s participate in
redox reactions, involving ROS production (Wallembet al., 2007; Charrier and Anastasio,
2015; Calas et al., 2017, Bates et al., 2019). &thez, the potential health effects from the
metal(loid)s present in PM depend upon the solybitif elements in human body. This
solubility is influenced by the chemical speciatiohthese metal(loid)s and by the size and
shape of particles (Kelly and Fussell, 2012). Ddfe approaches to assess the toxicity of
metal(loid)s derived from the inhalation exposupeambient PM have been reported in the
literature. In-vitro methods using surrogate biatad fluids are considered a potential
alternative to measure toxicity from PM since tlaeg simple and unexpensive (Kastury et. al,
2017). Bioavailability is the fraction of a metaid) in exposure media absorbed by the
organism, typically determined by in-vivo animal dets, whereas bioaccessibility is the
fraction of the total metal(loid) concentrationaaed from the environmental matrix (e.g. PM,
dust, soil, food, water) into a synthetic biologifiaid and becomes available for absorption
(Manjon et al., 2020).

Air quality regulation for metal(loid)s only congidthe total metal(loid) content in the PM10
fraction (see e.g. EU Directives 2004/107/EC and82B0/EC); and total element contents are
measured using different standards (see e.g. thep&an standard method “EN-UNE 14902-

2006”). Accordingly, conventional inhalation riskksessment studies to metal exposure only
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consider the total concentration of some trace Im@ieP?M. However, the soluble concentration
of PM-bound trace metal(loid)s instead of totaltemh may better represent the exposure risk of
such pollutants in humans (Mbengue et al., 2015n&tedez-Pellén et al., 2018; Weggeberg et
al., 2019). The in-vitro analytical procedure totetmine the bioaccessibility of elements
consists of contacting PM filters with leaching atgethat simulate body fluids. However, there
is no unified protocol for the assessment of inti@abioaccessibility, which, due to the high
variability between samples and procedures founthe literature (Mukhtar and Limbeck,
2013; Wiseman, 2015; Kastury et. al, 2017, 201848R), makes comparisons between studies
difficult. Factors influencing element bioaccessipican be classified as external and internal.
External factors mainly include the compositionsohulated lung fluid and the conditions for
in-vitro methods, including extraction time, liquid solid (L/S) ratio, agitation (Mukhtar and
Limbeck, 2013; Kastury et al., 2018b) and the seigpiid separation method (Laird et al.,
2015). The most important internal factors are pigfemical characteristics of samples such
as metal(loid)s speciation and types and sizesuicfes (Ren et al., 2020).

The use of reference materials is suitable to sthdymethodological aspects (external factors).
To take into account the influence of the partgilee fraction, different surrogate body fluids
should be used according to the fate of such festio the human body. Only particles smaller
than 1@um (PM10) have the potential to deposit in the temtitonchial and alveolar region.
Coarse particles in the 2.5-1n size fraction (PM2.5-10) are in most cases dépadsn the
pharyngeal and tracheal region, from where theytamesported and swallowed toward the
digestive system, where these coarse particles aomeontact with gastric juice (Mukhtar and
Limbeck, 2013). Besides, fine particles less thah2n (PM2.5) can be transported to the
alveolar region. Accordingly, the use of gastria guimonary fluids as leaching agents with
coarse and fine particles, respectively, seemsetcaypropriate. For this purpose, several
surrogate synthetic fluids are applied in the ditere. Gastric fluid has been widely used to
assess the ingestion risk by measuring the metahcbessibility in soils applying
standardization protocols such as U.S.EPA (200Tyofean Pharmacopoeia (2010), and
Unified BARGE Method (Denys et al.,, 2012), but hareised to assess the inhalation

3
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bioaccessibility in the coarse fraction of PM (Mt&hand Limbeck, 2013; Kastury et al.,
2018a). Different Simulated Lung Fluids (SLFs) arged in the literature to assess the
bioaccessibility in the fine fraction of PM: Gamislesolution and Artificial Lysosomal Fluid
(ALF) are the most SLFs used to represent neutrdlaidic conditions respectively. On one
hand, Gamble’s solution mimics the interstitial gufiuid, and on the other hand, ALF
represents the acidic fluid (pH 4.5) resulting frahe macrophages attack to the particles
reaching the alveoli. Although, the composition AlfF is similar in most research studies
(Colombo et al., 2008; Wiseman and Zereini, 201dstiry et al., 2018b, Meza-Figueroa et al.,
2020), different compositions of Gamble’s soluti@s found in the literature, as observed in
Table S1 of the Supplementary Material. These Gaimlsolutions can be classified into two
main groups; the first one was based on the composised by Moss (1979) (Colombo et. al.,
2008; Boisa et. al., 2014; Herndndez-Pellon et28l18; Kastury et al., 2018a; Weggeberg et.
al., 2019) and the second one by Eidson and MewkiftO83) (Gray et. al., 2010; Caboche et.
al., 2011; Wragg and Klinck, 2007; Pelfréne et.2017). The main difference is that the group
of Moss (1979) added sodium acetate and the grbigidson and Mewhinney (1983) added
glycine. Besides, some authors added other orgaagents, such as dipalmitoyl phosphatidyl
choline (DPPC) (Caboche et al., 2011; Marques.ef@ll1; Mbengue et al., 2015; Pelfréne et
al., 2017) to simulate better the interstitial dluAlthough Kastury et al. (2018a) compared the
extraction efficiencies of different neutral lunigihg fluids, the bioaccessibility of the two
groups of Gamble’s fluids has not been compared yet

The use of the same reference material by differesgarchers allows the comparison between
the bioaccessibility of some metal(loid)s contactgth different Gamble’s solutions. Figure 1
shows the bioaccessibility of some metals (mangaraspper, zinc and lead) when a reference
material of urban dust (SRM1648a) is contacted wditferent Gamble’s solutions (Caboche et.
al 2011; Pelfréne et al., 2017; Weggeberg et &892 The composition of the Gamble’'s
solutions used by Caboche et al. (2011) and Pelfeénal (2017) was based on that of Eidson
and Mewhinney (1983), but with some small diffeesi¢see Table S1 of the Supplementary
Material). However, Weggeberg et. al (2019) us&heble’s solution similar than that used by
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Moss (1979). In addition, different L/S ratios werged. The results shown in Figure 1 clearly
indicate that Weggeberg et al. (2019) obtained nlaater values of bioaccessibility and that
the L/S ratio affects the solubility of metals irm@ble’s solutions. However, the rationale of

such differences in metals bioaccessibility is lacthe literature.

Therefore, the aim of this study is to understand/ lsome external methodological factors
affect the metals inhalation bioaccessibility fré®. To this end, the bioaccessibility of a
reference material corresponding to urban dust (56%#8a), using synthetic biological fluids

commonly used in the literature (Gamble’s, ALF agabtric) and water, was studied. Two
Gamble’s compositions (called G1 and G2, the lattartaining glycine) were used. Since the
liquid to solid (L/S) ratio seems to be one of #ey factors governing the leaching of trace
elements from solid particles, mainly under nord&ctonditions, L/S ratios ranging from 500
to 20,000 were used, considering the following mietd)s: V, Mn, Fe, Ni, Cu, Zn, As, Cd, Sb

and Pb.

2. Materialsand methods

2.1. Reference material

The standard reference material 1648a (SRM1648a)sskected to analyze the effect of the
L/S ratio and the type and composition of leachimgents on the bioaccessibility of
metal(loid)s. SRM1648a is a reference materialtofoapheric PM collected in an urban area
(St. Louise, MO, USA) with a particle size lessrtiE)0um and a median value of 5.8.
The certified mass fraction values for the studeeiments are shown in Table S2 of the
Supplementary Material. For each metal(loid), theabcessibility is calculated using the
following formula: (Guney et al., 2017):

Crio * VFiuia

£100 (1
Ctotar " ™M )

%Bioaccessibility =
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Where the G, is the concentration of an element in the surrodlaid (mg/L), Vrug is the
volume of fluid (mL), G IS the total certified concentration of an elem@ng/Kg) and m is

the mass of reference material (g).
2.2. Inhalation bioaccessibility in vitro method

In-vitro bioaccessibility tests were performed byroducing 2.5 mg of SRM1648a accurately
weighted into a 50 ml polypropylene vessel and rgldiach selected leaching agent. According
to Hernandez-Pellon et al. (2018), the daily masBM10 filters collected by a low sampler
device (2.3 nih) is typically between 0.6 and 3.1 mg. Then,whssels were capped and placed
in an end-over-end rotation incubator system (MRBIXSBS) at 30 rpm and at €7
simulating the body temperature. The extractioretimas 24 h for SLFs (Midander et al, 2007;
Colombo et al., 2008; Caboche et al., 2011; Kasturgl., 2018a; Luo et al., 2019) as well as
ultrapure water (Caboche et al., 2011) and 1 tgé&stric fluid (Oomen et al., 2002; U.S.EPA,
2007; Drexler and Brattin, 2007; Deshommes et24112; Kastury et al., 2018b). After the
extraction test, the samples were centrifuged @ditBL/SELECTA) at 4,200 rpm for 10 min
and the supernatants filtered through a Qudbpolypropylene syringe filter. The samples were

stored until analysis at@ and maximum storage time was 48h for Gamblestieol and ALF.
2.3. Selection and formulation of leaching solutions

To simulate the biological body conditions syntbdtiody fluids were selected as leaching
agents. The selection of these fluids should be d@sed on the fate of PM in the body, which
depends on the aerodynamic diameter of the pastiGleus, Gamble’s solution and ALF were
selected as lung fluids that can be contacted RiMl2.5: Gamble’s solution, as a surrogate of
the interstitial lung fluid, and ALF, as a surrogjatf the acidic conditions resulting from the
macrophage attack to particles in alveoli. Gadtuid was selected to represent the body fluid
that can be contacted with coarse particles (PM1@)5 since these particles are swallowed
from the upper airways to the digestive system.ofding to the discussion of the different

composition of Gamble’s solutions shown in theddtrction section, two Gamble’s solutions
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called as G1 and G2 were chosen; the compositio®lof G2 and ALF, and the order of
addition of reagents are presented in Table 1.

Overall, five solutions were used to determine aohpare the bioaccessibility of metal(loid)s
in SRM1648a: ultrapure water (pH = 6.8+0.1), Gar#h(&1) based on Moss (1979) (pH =
7.41£0.1), Gamble’s (G2) based on Eidson and Mew#yinti983) (pH = 7.4+0.1), ALF (pH =
4.51+0.1) (Marques et al., 2011) and gastric (pH5%Q.1) (U.S.EPA, 2007). The reagents used
were of analytical grade or higher purity provideg Merck and Sigma Aldrich. HNQand
NaOH was used for pH adjustment. With respecth® gastric fluid, although complex
formulations including different amino acids, enasrmand metabolic acids have been used in
oral bioaccessibility tests (Ruby et al., 1993; Nedl997; European Pharmacopoeia, 2010;
Nie et al., 2018; Gao et al., 2018), a simpler fgation including glycine and HCI has been
proved to provide similar results in bioaccesdpitests (U.S.EPA, 2007). Therefore, gastric
fluid was prepared using 0.4M of glycine and adipgstthe pH with HCI (37%) (U.S.EPA,
2007; Drexler and Brattin, 2007). The pH of thethgtic fluids was measured immediately

before the beginning of the bioaccessibility test.

2.4. Influence of the L/Sratio on bioaccessibility

Different tests were conducted to analyze the énfae of the L/S ratio on the bioaccessibility
values in SRM1648a when applying the following léag agents: Gamble’s solution (G2),
ALF and gastric fluid. The values of L/S ratio (eggsed as mL/g) were 500, 1,000, 5,000 and
20,000. A further discussion about the selectiothefrange of L/S ratio was included in section
3.3. Besides, additional tests using Gamble’s &1)/S ratios of 500 and 5,000 and ultrapure
water at L/S of 500 were conducted. In each ca%eng of SRM1648a was weighted and then

between 1.25 and 50 ml of leaching agent was added.

2.5. Metal(loid) analysis

The concentration of V, Mn, Fe, Ni, Cu, Zn, As, Gh and Pb in the extracts of SRM1648a
was measured by inductively coupled plasma massrgpeetry (ICP/MS, Agilent 7500 CE).

Blanks were measured to check for the potentiataznimation from vessels and reagents.

7
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Internal standards’¥y, 'Rh and'®*Re) were added to correct for instrumental drifisg a
collision cell with a helium flow rate of 4.8 ml/mwas used to minimize spectral interferences.
Since SLFs and gastric fluid contain various digsglsalts, which can cause spectral as well as
non-spectral interferences (matrix effects) duri@f-MS analysis, the determination of the
concentration of studied metal(loid)s in these hé@g agents was performed by adding these
fluids to the Multielement Standard Solution usedalibrate the instrument, leading to worse
detection limits for the studied elements with extpgo acidified ultrapure water; anyway, the
concentrations of the studied elements were ahabgse the detection limits. Seven calibration
points between 0 and 25 ppb were used and samples diluted between 1:1 to 1:100 when
necessary. After calibration and at the end of emwdytical run, quality control standards
covering the concentration range of interest weeasured to check for the accuracy of the
measurements. The instrument was re-calibratedradtenore than 20 samples.

This reference material was previously used byrésearch group to check the validity of the
total digestion method (Hernandez-Pellon et all8)0 however, there is not a reference
material/method that certifies inhalation bioacd®bty values of trace metal(loid)s. Therefore,
a comparison was made between bioaccessibility alattined in the literature using the same
reference material, and the same leaching agedtsarditions when possible (Pelfréne et al.,
2017), obtaining a reasonable match for most ofsthdied elements (this is discussed further
below). In addition, all bioaccessibility tests wgverformed in triplicate (n=3). The average
deviation between replicate samples was < 3.3 %Afd¥, < 7.4 for gastric and <7.7 % for

Gamble’s solution.

2.6. Simulation of metal(loid)s solubility by Visual MINTEQ

Visual MINTEQ 3.1. (Gustafsson, 2014) was usednuikate the contact between the leaching
agent and the reference material, in order to wialed how the solubility of metals in the
leaching solution changes depending on the composif simulated fluid and the speciation of
metals. The composition of fluids was introducedcaigsons and anions, besides, pH, L/S ratio

and temperature were set. The metal(loid)s spenidti SRM1648a is unknown, therefore,
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different metal(loid) species were used to simuthteleaching process. In each simulation, the

solubility fraction of metal(loid)s and speciestdisution were obtained.

3. Resultsand discussion

3.1.Influence of the composition of interstitial lung fluids on the bioaccessibility

Gamble’s G1 and G2 solutions were used to anahgénfluence of the compaosition of neutral
lung lining fluids on the bioaccessibility of mdtalds) in SRM1648a. As Figure 2 shows,
analyzed metal(loid)s had low bioaccessibility ian®le’'s G1 using L/S ratios of 500 and
5,000. The results show a stronger impact of Lt @n the bioaccessibility of metal(loid)s in
Gamble’s G2: the bioaccessibility using a L/S raticd,000 was much higher than using a L/S
ratio of 500, for example, the mean value of Mnngwal from 1.5% at a L/S ratio of 500 to
31.7% at a L/S ratio of 5,000. Besides, the biossibdity of some metal(loid)s was similar
using a L/S ratio of 500 in Gamble’'s G1 and G2,hvtihe exception of Ni (16.3% G1 and

21.59% G2) and Cu (12.5% G1 and 31.6% G2) thahigiter bioaccessibility in Gamble’s G2.

The great difference between bioaccessibility ofat(®id)s in Gamble’'s G1 and G2 at a L/S
ratio of 5,000 suggests that some components ofbl&genG2 increase the solubility of
metal(loid)s. The ionic composition of both fluids presented in Table S3 of the
Supplementary Material; the main difference is tli@amble’s G1 contents acetate and

Gamble’s G2 glycine.

Since the speciation of metal(loid)s in SRM1648anknown, Visual MINTEQ 3.1. was used

to simulate the leaching of some target metal gseiti Gamble’s G1 and G2 (pH=7.4). For
example, the leaching of Cu, one of the metals sigpwhe greatest difference in solubility

between G1 and G2 fluids, was simulated using(F’Ely), (0.001M) as target compound.

Visual MINTEQ 3.1. results indicated that the sditypof Cu*? in Gamble’s G1 and G2 was

3% and 82%, respectively; the different solubildgn be explained in Figure 3, where the
distribution of soluble species for &uin both solutions is shown. With Gamble’s G1, &téu

Cu is mainly associated with Cug@q) and Cu-Citratespecies (Figure 3a). However, when



240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

Gamble’s G2 was used, the speciation changed &ignify with more than 90% of soluble Cu
in the form of Cu-(Glycine) (aq) (Figure 3b). Although this should not be ipteted in a

quantitative way, Visual MINTEQ results confirmdtht the presence of glycine in Gamble’s
G2 allowed the formation of soluble metal complekegeasing the bioaccessibility of such

metals, as discussed by Kastury et al. (2017).

It is well known that the presence of proteins LFS increases the solubility of metal(loid)s.
For example, albumin may play a role in higher iieid) extraction observed for Hatch's
solution (Kastury et al., 2018a), because it hascHpacity to bind metals through sequestration
(Peters and Blumenstock, 1967). However, aminosaaid usually used instead of proteins for
simplicity, and glycine is the most employed, aitgb it was not clear why glycine was chosen
to represent protein among all amino acids (Kasainal., 2017). In addition, the chelating
efficiency of amino acids is different (Harris a&llberman, 1983) and this may lead to
different bioaccessibility values of selected m@ad)s (Kastury et al., 2017). Therefore, in the
formulation of Gamble’s solution, it is important ise always the same amino acid (glycine) at

the same concentration.
3.2.Influence of the type of leaching agent on bioaccessibility

A detailed protocol to account for the bioaccesigjbof metal(loid)s from inhaled PM should
consider different synthetic body fluids dependimythe fate of particles on the human body,
which also depends on the particle size of PM. dHeand chemical composition of these fluids
will affect the solubility of metal(loid)s. For thireason, ultrapure water and different simulated
body fluids (Gamble’s G2 representing interstitialg fluid, ALF as a surrogate of the acidic
conditions resulting from the macrophage attacfine particles in alveoli, and gastric fluid to
represent the body fluid in which the coarse plagiavill be) were used for assessing the
bioaccessibility of potentially toxic metal(loidiom SRM1648a. Figure 4 shows the mean and
standard deviation of the bioaccessibility of m@ad)s in the studied fluids at a L/S ratio of
5,000. This L/S ratio was selected for comparisorppses because this value can be achieved

in humans when inhalating 50 pg/of PM10, and considering a total alveolar fluiduroe of

10
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5 mL and a daily air uptake of 20°nand assuming that 100 % of the inhaled partiglash the
pulmonary alveoli. Results shown in Figureahfirm that the bioaccessibility of metal(loid)s
depends on the type of leaching agents, which rdiffepH and chemical composition. The
soluble fraction of metal(loid)s was lower in ufitae water than in synthetic biological fluids,
with the exception of Ni, which showed similar hicassibility values in all the studied
leaching agents.

When the studied neutral fluids were compared, (Gamble’s G2 and water), most metal(loids)
showed higher bioaccessibility in Gamble’s G2, whias attributed to the presence of organic
and inorganic reagents in this SLF that can forhatde metal(loid) complexes, as discussed in
Section 3.1. In accordance with this, Caboché. ¢2@11) indicated that the bioaccessibility of
metals in Gamble’s solution was higher than in wate

The bioaccessibility of most metal(loid)s was higle ALF than in Gamble’s solution, as
reported in the literature (Wiseman and Zereinl£Mukhtar et al., 2015; Guney et al., 2017;
Herndndez-Pelldn et al., 2018; Weggeberg et al92Gosselin et al., 2020; Meza-Figueroa et
al., 2020). Iron and Pb were the metals with tlghést difference as shown in Figure 4 (Fe: 1.1
vs 20.0 %; Pb: 1.9 vs 77.3 % in G2 and ALF respebt). This behavior was not observed for
Ni, V and Cu; Pelfréne et al. (2017) also obtaimedimilar bioaccessibility in Gamble’s
solution and ALF at a L/S ratio of 5,000.

Moreover, the highest bioaccessibility of Mn, Fa&, As, Cd, Sb and Pb was found in ALF
(pH=4.5), even higher than in gastric fluid (pH31 Supporting the idea that pH is not the only
factor that affects the solubility of metal(loid)ghis agrees with the results found by Kastury et
al. (2018b), which showed that the bioaccessibiityPb, Fe, As and Mn from a reference
material of soil (SRM2710a) was also higher in Ab&n in gastric fluid.

Finally, the differences between the bioaccesgjbdbtained in Gamble’s solution and gastric
fluid at a L/S ratio of 5,000 were not relevantttwihe exception of Pb (2 % in Gamble’s (G2)
vs 55 % in gastric), Fe (1 % in Gamble’s (G2) vs%.1n gastric) and Cd (42 % in Gamble’s
(G2) vs 53 % in gastric). This may be due to how different composition and pH of both
fluids affect the solubility of the studied metalfl)s. Visual MINTEQ 3.1. was used to explain

11



295 semi-quantitatively why a few metal(loid)s showeiffedlent bioaccessibility in gastric and
296  Gamble’s fluids, whereas the other metal(loid)saot#d similar bioaccessibility values. In
297  particular, Pb and Mn were selected as target s)dtatause Pb showed the greatest difference
298 in bioaccessibility while Mn solubility was similain both fluids. As Pb speciation in
299 SRM1648a was unknown, four Pb solid species weresidered; the concentration of Pb
300 species was calculated in mol/kg from the totatifbed content of Pb in SRM1648a. The
301 simulation results using Visual MINTEQ 3.1. are whoin Table S4 of the Supplementary
302 Material: the soluble fraction of Pb was 100% irstga fluid in all hypotheses, whereas the
303 soluble fraction of Pb in Gamble’s solution vaneith metal speciation from 5 to 100 %. Also,
304 a simulation with the four checked Pb solid spewgias carried out, showing that the soluble
305 fraction of PB* was higher in gastric fluid (Gamble’s solution 18 Gastric fluid 100%). With
306 respect to Mn, Visual MINTEQ results showed that sloluble fraction of Mt was similar in
307 the two fluids and for all the studied Mn speciess(lts not shown here). These results explain,
308 at least qualitatively, the different behavior df Bnd Mn when they are released from the
309 reference material in Gamble’s and gastric fluldsaddition, this analysis also indicated that
310 bioaccessibility of some metals, such as Pb, niytmay depend on the composition and pH of
311  synthetic fluid (external factor), but also on trgpeciation (internal factor). Therefore, the high
312  variability in metal(loid) bioaccessibility typidgl found when working with real PM samples
313  using the same bioaccessibility method with the esaxtraction fluid may be explained by
314  changes in the speciation of these metal(loid)stdube different contribution of sources over

315 the course of the sampling campaigns.
316  3.3.Influenceof the L/Sratio on the bioaccessibility of metal(loid)s

317  According to Macklin (1955), an average alveolaididepth of 0.2um covering a surface area
318  of 100 nf would lead to a total alveolar fluid volume of BfL. Considering conditions of

319 inhalation exposure for 24 h under a large rang@anficle concentrations from 20 to 500
320 pg/m®, and assuming that 100% of the inhaled partidash the pulmonary alveoli with a daily

321  air uptake between and 10 and 2band a total alveolar fluid volume ranging fromo520 mL,
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the corresponding L/S ratio could vary between Q00,and 500 mL/g (Caboche et al., 2011;
Pelfréne et al., 2017; Kastury et al., 2018a). Hais resulted in a wide range of L/S ratios used
in the literature for bioaccessibility tests. Faample, Caboche et al. (2011) used L/S ratios
between 30 and 50,000 to obtain the bioaccesgilufitfour reference materials representing
different types of particles (NIST 1648a, BC 038EN 8 and NIST 2548) in Gamble's
solution. These authors suggest that L/S ratioswp®00 present risk of saturation of solution
or competition between the soluble elements. &wdfret al. (2017) studied the bioaccessibility
of three reference materials (BCR-723, NIST271@GhMIST1648a) using four ratios from 100
to 10,000 in Gamble’s solution and ALF; these arghabserved an impact of the L/S ratio on
the bioaccessibility of some metal(loid)s in Gantkolution. In the same way, Kastury et al.
(2018a; 2018b) reported an increased metal(loid)ackbessibility at higher L/S ratios when
using Gamble’s solution, but not when using ALF.

Besides, the standardization protocol developed U%.EPA to measure the metal
bioaccessibility in soils recommended a L/S ratio 100 to reduce the effect of metal
dissolution (U.S.EPA, 2007). However, although thégio can be applied with reference
materials, higher L/S ratios are needed with antbiRivi samples because of the low sample
weight typically collected with low volume samplerds a summary, the variation of
bioaccessibility of metal(loid)s in Gamble's sotuti with the L/S ratio is uncertain in the
literature and in gastric fluid is unknown for unbdust.

Taking into account the results found in the litera and the experimental constraints, four L/S
ratios ranging from 500 to 20,000 were used to yamealthe influence of L/S ratio on
bioaccessibility in Gamble’'s solution, ALF and gastfluid. As Figure 5 shows, the
bioaccessibility of V, Mn, Fe, Ni, Cu, Zn, As, C8b and Pb in Gamble’s G2 increased
logarithmically with the L/S ratio, while it remad almost constant in gastric and ALF fluids.
The effect of the L/S ratio on the bioaccessibilityGamble’s solution is similar to that found in
a study conducted by Pelfréne et al. (2017) forNd,and Zn. However, the study of Pelfréne
et al. (2017) showed that the behavior of Cu and/&$ different: the bioaccessibility of Cu was
constant while that of nickel decreased with th8 tatio; the later can be due to the worse
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detection limit of the ICP-OES used by Pelfrénalet(2017) with respect to that of ICP-MS
used in this work, which may difficult the determiion of some metals at high L/S ratios.
Kastury et al. (2018a) also found that As and Pladgessibility in SRM2710a and some PM10
filters prepared from soil at 120 h using a L/Saaf 5,000 was significantly higher than that
using L/S ratios of 100, 500 and 1,000. A simitantd was also found by these authors for Al,
Cd, Fe, Mn and Zn, with the highest metal bioadbdidy at L/S of 5,000. Sysalova et al.
(2014) also found a similar behavior for As, Cd, ®&n, Ni, Pb and Zn with real PM samples,
but using the Hatch’s solution in a range of L/Samen 100 and 1,000. With respect to ALF,
Pelfréne et al. (2017) and Kastury et al.(2018ppreed that metal(loid)s bioaccessibility is not
significantly affected by the L/S ratio in accordarwith the results shown in Figure 5.
However, the results showing the effect of the k&fo on the bioaccessibility of many
metal(loid)s have not been explained yet in trexaiture. First, we have to be aware that some
physiochemical parameters can affect the releaggoliitants from solids, such as contact,
particle size, temperature, pH and composition e&ching agents, kinetics, leaching
mechanisms, etc. A first hypothesis may be that nwhising Gamble’s solution, the
concentration of solubilized metal(loid)s at thedesf the extraction period may not be in
equilibrium due to kinetic limitations of the retsaof such metal(loid)s. However, according to
the literature, a contact time of 24 hours showdhough to reach the equilibrium conditions;
thus, Caboche et al. (2011) reported that the teslitained for four SRMs suggest that the
bioaccessibility is maximized after a 24 h extracttime for L/S ratios ranging from 500 to
50,000. Similarly, Kastury et al. (2018b) reportddt for As and Pb dissolution in ALF
plateaued within 24 h. In addition, bioaccessipilit gastric fluid is practically constant using a
contact time of only one hour.

To xplain the different behavior of bioaccessigiWith the L/S ratio in Gamble’s, ALF and
gastric fluids, it was assumed that different Iéaghcontrolling mechanisms may occur when
using Gamble’s solution with respect to ALF andtgesfluid according to their different
metal(loid)s solubilities. Solubility control ocaumwhen the solution in contact with a solid is
saturated with respect to the constituent spedigstarest, this means that at a given L/S ratio
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the soluble concentration is the saturation comagah. When the L/S ratio is increased, the
release of a given metal increases at higher Lii§sréo reach the equilibrium concentration.
This means that the soluble fraction (bioaccessipilvill increase with L/S ratio until the
maximum solubility is reached (see Figure 6a); thishe behavior observed for Gamble’s
solution. Availability is defined as the maximum @mt of a component that can be released
from a solid into solution under aggressive leaghionditions. Under availability-controlled
conditions, the resulting metal concentration iluson will decrease with L/S ratio because the
same amount of metal will be released, leadingrteetal dilution because of the larger leachate
volume. However, the soluble fraction will remaionstant with the L/S ratio (see Figure 6b),
this value being the availability (Kosson et aB9@). This behavior agrees well with that found
in ALF and gastric fluid. These leaching mechanisrage been used previously to explain the
different leaching behavior of some elements fraidswastes when changing the L/S ratio
(Van der Sloot et al, 1997). According with thesgdtheses, the leaching of metal(loid)s in
Gamble’s solution is assumed to be solubility-colfed, while in more acidic fluids (i.e. when

using ALF and gastric fluid), is assumed to be ladity-controlled.

3.4.Recommendationsfor a unified inhalation bioaccessibility protocol

In view of these results, the composition of thawated interstitial fluid, the type of leaching
agent and the L/S ratio are factors that influetheeassessment of inhalation bioaccessibility.
The following recommendations are derived from pinesent study: (i) The assessment of the
bioaccessibility of PM-bound metal(loid)s by théatation route should consider both the use
of synthetic lung fluids for fine particles (PM2.&hd gastric fluid for coarse particles (PM10-
2.5).

(i) The use of two types of lung fluids (neutraljch as Gamble’s solution, and acid, such as
ALF) allows to account for two scenarios in whidhef particles may be found in the lung. (iii)
Since the composition of neutral lung lining fluicn dramatically affect the solubility of some
metal(loid)s, a unique composition that closelydates the interstitial pulmonary fluid should

be used; Gamble’s G2 solution is recommended ferpthrpose. (iv) Since the bioaccessibility
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in ALF and gastric fluid is almost independent loé L/S ratio, a relatively low L/S ratio (e.qg.
500 to 1,000) is recommended, because this witiwallo determine the bioaccessibility of
elements present in very low concentrations in P aven when small amounts of PM are
collected in filters (e.g. PM personal samplersdpwidver, it is important to avoid working at
L/S ratios less than 5,000 when using Gamble’s (fBf#Yi, since bioaccessibility increases
logarithmically with the L/S ratio, mainly in thamge between 500 and 5,000. Ideally, this test
should be conducted at the highest possible LiS tlaat allows the metal concentration to be

quantified in the Gamble’s bioaccessibility assay.

4, Conclusions

The bioaccessibility of metal(loid)s in urban d¢SRM 1648a) has been investigated using
different surrogate fluids (Gamble’s G1 and G2, Algastric and ultrapure water), and L/S
ratios in order to provide new insights into thevelepment of a unified protocol for the
assessment of inhalation bioaccessibility. The ltedirst showed the high influence of the
composition of the neutral lung fluid (Gamble’sig@n) on the bioaccessibility of metal(loid)s;
at a L/S ratio of 5,000 it was one order of magtatiower in Gamble’s G1 than in G2, due to
the presence of glycine in Gamble’s G2 leadindgheoformation of soluble metal complexes. As
expected, the type of leaching agent (ultrapureesvaGamble’s G2, ALF and gastric)
influenced the soluble fraction of metal(loid)s: shthe analyzed metal(loid)s at a L/S ratio of
5,000 achieved the highest bioaccessibility in mudary ALF and the lowest in ultrapure water,
with the exception of Ni and V, which showed simitgoaccessibility values in all the studied
leaching agents. When gastric and Gamble’'s G2dluidre compared at a L/S ratio of 5,000,
similar bioaccessibility values were found for mast the studied metal(loid)s, with the
exception of Pb and Fe (2 %Pb in Gamble’s G2 v&P%b in gastric; 1 %Fe in Gamble’s G2 vs
11 %Fe in gastric). Visual MINTEQ 3.1. was usedetplain semi-quantitatively why Pb
showed such different bioaccessibility in gastmc &amble’s fluids; Visual MINTEQ results
also indicated that metal(loid)s bioaccessibilityAM samples could depend not only on the

composition and pH of the synthetic fluid, but alse their speciation. Finally, the
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bioaccessibility of metal(loid)s for L/S ratios ging from 500 to 20,000 in ALF and gastric
fluid was almost constant with the L/S ratio; hoee\t increased logarithmically with the L/S
ratio in Gamble’s G2. This different behavior wasibuted to different leaching mechanisms
of metal(loid)s from the studied reference materalGamble’s solution it was assumed to be

solubility-controlled, while in ALF and gastric fiiavailability-controlled.
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Table 1.Composition of simulated lung fluids: Gamble’s {GGamble’s (G2) and ALF.

Gamble Gamble ALF
Reagents Formula G1(g/L) G2(g/L) (g/L)
PH7.4+0.1 PH7.4+0.1 4.5+0.1
Magnesium chloride
MgCl, 6-H,0 0.095 - 0.050
hexahydrate
Sodium chloride NaCl 6.019 6.779 3.210
Potassium chloride KCI 0.298 - -
Disodium hydrogen
NaHPO, 0.126 0.142 0.071
phosphate
Sodium sulphate Na,SO, 0.063 - 0.039
Calcium chloride dihydrate CaC} 22H,0 0.368 0.026 0.128
Sodium acetate NaGHs0O; 0.574 - -
Sodium hydrogen carbonate NaHCG; 2.604 2.268 -
Sodium citrate dihydrate CeHsNasO; 2-H,0 0.097 0.055 0.077
Ammonium chloride NH, ClI - 0.535 -
Sodium hydroxide NaOH - - 6.000
Citric acid CeHsOy - - 20.800
Glycine NH,CH,COOH - 0.375 0.059
Sodium tartrate dihydrate C4H,OsNa, 2-H,0 - - 0.090
Sodium lactate Cs;HsNaGs - - 0.085
Sodium pyruvate C;H;0sNa - - 0.086
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Figure 1. Bibliographic comparison of the bioaccessibilityues of Mn, Cu, Zn and Pb in SRM 1648a using
Gamble’s solutions.
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HIGHLIGHTS

« The inhalation bioaccessibility of metal(loid)s wassessed in urban dust, SRM1648a
« Bioaccessibility depends on the surrogate biolddioal and metal(loid) speciation

« The composition of the interstitial pulmonary fluéfects the bioaccessibility

« Increased liquid-solid ratios lead to greater biessibility in Gamble's solution
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