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Abstract

Incidental ingestion of polluted soil particles exposes the population to toxic metal(loid)s. To
refine the methods of exposure and risk assessment, it is relevant to use bioaccessible
concentrations of metal(loid)s determined via in vitro digestion methods. However, some
validated methods are complex and costly, involving high technical skills and numerous
reagents. The objective of the present study was to evaluate the suitability of four simple
chemical extractions to mimic the bioaccessible fraction of As, Cd, and Pb in the gastric (G)
and gastrointestinal (GI) phases obtained using the validated UBM (unified bioaccessibility
method) test. Acetic acid (0.11 M), citric acid (0.11 M), EDTA (0.16 M), and hydrochloric acid
(HCI, 0.65%) were separately tested in 201 soil samples with a wide range of physicochemical
parameters and metal(loid)s concentrations. Significant linear relationships were observed with

HCI, EDTA, and to a lesser extent with citric acid. For the cheaper HCI method, correlations
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with the UBM ranged from 0.91 to 0.99 for the G phase and from 0.72 to 0.97 for the GI phase.

This test can be used at least as a first-tier screening to assess the oral bioaccessibility of As,

Cd, and Pb.
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Highlights
» Single-extraction methods to mimic metal bioaccessibility in a wide range of soils
» Miming both the gastric and intestinal bioaccessibility of As, Cd and Pb in soils

» HCI (0.65%) can be used in first tier screening to assess metal bioaccessibility

Graphical abstract
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min, digestion for 1h at 37°C



1. Introduction

The major sources of metal(loid)s in the environment are from mining and smelting activities,
which can result in considerable soil contamination. Soils enriched with metal(loid)s such as
arsenic (As), cadmium (Cd), and lead (Pb) pose a potential threat to human health if directly
ingested or transferred through food. Incidental ingestion of soil particles is considered an
important exposure pathway of metal(loid)s, more specifically for children through outdoor
hand-to-mouth activities (Ruby et al., 1993; Paustenbach, 2000). In the context of polluted-site
management, human health risk assessment is usually based on the total (or pseudo-total)
metal(loid) concentrations in the soil. However, if considering that the whole amount of a
contaminant is available for organisms after ingestion of soil particles, health risks are often
overestimated. Therefore, to take into account the concept of bioavailability (i.e., the quantity
of elements that reaches the bloodstream and human organs; Ruby et al., 1999), bioaccessibility
may be used and was defined as the fraction of a contaminant that is soluble in the
gastrointestinal environment and potentially available for absorption (Ruby et al., 1999; Oomen
et al., 2002). Research on bioaccessibility related to contaminated-site management has
attracted attention at an international level (e.g., Rodriguez and Basta, 1999; Pouschat and
Zagury, 2006; Drexler and Brattin, 2007; Barsby et al., 2012; Brattin et al., 2013; Jeong et al.,
2013; Pelfréne etal., 2015; Xiaetal., 2017; Tang et al., 2018) and information on this parameter
can promote a more balanced assessment of sites (Alexander, 2000; Ollson et al., 2009;
Latawiec et al., 2010). To mimic the availability of metal(loid)s in the human gastrointestinal
tract (i.e., bioaccessibility), many in vitro extraction procedures (described in the literature as
physiologically based extraction tests) were developed to be applied to soils. However, to refine
the method of exposure and risk assessment, it is recommended to use bioaccessible
concentrations of metal(loid)s measured according to validated and standardized protocols. In

most European countries, the unified bioaccessibility method (UBM) is considered as the oral



bioaccessibility reference method because it has been validated against an in vivo model (young
swine) for As, Cd, and Pb (Denys et al., 2012) and was also standardized (1SO 17924, 2016).
However, this method is complex and time consuming, involves high technical skills, and
requires numerous chemical and biological reagents to mimic biochemical conditions in the
gastrointestinal tract. Thus, a simplified method to measure bioaccessibility might be of great
interest. Single-extraction methods are used in risk assessment to dissolve metal(loid)s from
soil (Bonten et al., 2008; Romkens et al., 2009; Groenenberg et al., 2010) and have given good
estimates of the potential availability or geochemical reactivity as well as of the bioaccessibility
of metal(loid)s (e.g., Drexler and Brattin, 2007; Madrid et al., 2008; Brattin et al., 2013;
Rodrigues et al., 2013; Li and Zhang, 2013; Cruz et al., 2015; Li et al., 2015; Mendoza et al.,
2017; Rodrigues et al., 2018). Because for most metallic elements, the largest part of the
bioaccessible fraction is released under acidic conditions in the stomach, simplified in vitro
methods in single-step extractions have been developed simulating only the action of gastric
juices. ldeally, robust but easy extraction methods are needed to assess bioaccessible fractions
in humans, i.e., the main available pool of metal(loid)s in soil. The reactive or adsorbed pool is
often estimated by dilute acids (HNOs or HCI), chelating agents (e.g., EDTA) or other
extraction solvent (e.g., glycine buffer) (Tipping et al., 2003; Rodrigues et al., 2010a, 2010b;
Groenenberg et al., 2010; USEPA, 2007, 2017). To this end, the USEPA has established an
analytical procedure for the validated in vitro bioaccessibility assay (IVBA) for Pb and As in
soil (USEPA, 2007, 2017). Measurements of IVBA using this assay (0.4 M glycine adjusted to
a pH of 1.5 using HCI) have been shown to be a reliable predictor of in vivo relative
bioavailability of Pb (R2 0of 0.92) and As (R? of 0.87) in a wide range of soil types, anthropogenic
sources and elemental forms. In recent years, owing to its simplicity, the 0.43 M HNOs3
extraction procedure has also been suggested as a potential in vitro method to determine

bioaccessible metal(loid)s in soils. In the study of Li et al. (2015) carried out on 11 contaminated



soils, the results showed that HNOz-extractable As was well correlated with bioaccessible As
in the gastric phase using UBM, SBET, and PBET (physiologically based extraction test) (R2 =
0.70-0.85). In 204 soils from Portugal, Brazil, and The Netherlands, Rodrigues et al. (2018)
also highlighted a close 1:1 relationship between results from the single-HNOz-extraction
method and bioaccessible Cd and Pb in the gastric phase measured with the SBET assay. In a
representative subset of samples (n = 30), they showed good correlations between 0.43 M HNO3
and the UBM assay in the gastric phase.

In study by Li and Zhang (2013), the bioaccessibility of Pb was measured using the PBET assay
in 14 mildly acidic and alkali (pH 5.9-8.3) soils. The availability of Pb was also measured using
different single-extraction methods (0.1 M HNOs, 0.4 M acetic acid, 0.05 M EDTA, and 0.5 M
DTPA) and it was suggested that EDTA extraction can be used to predict the bioaccessibility
of Pb in these soils. These different studies reported good results for assessing the
bioaccessibility in the gastric phase of metal(loid)s (mainly Pb) from soil. By contrast, the use
of a single-extractant method has been scarcely studied to simulate the availability of
metal(loid)s in the intestinal phase of the digestion process. In a previous work (\Waterlot et al.,
2017), in 27 soil samples from the north of France, we highlighted significant relationships
between Cd and Pb extracted in both the gastric and gastrointestinal phases by using UBM and
single-extraction methods. More specifically, the best relationships were established using
acetic and citric acids for Cd, whereas for Pb, citric acid and EDTA were identified as the best
extractants.

These preliminary studies yielded encouraging results but in most of the cases (except for the
work of Rodrigues et al., 2018), a limited number of soil samples located in a specific
environmental context were assessed. It has been clearly shown that the bioaccessibility of
metal(loid)s in soils critically depends on soil type (Ruby et al., 1996; Kelley et al., 2002;

Poggio et al., 2009; Pelfréne et al., 2015), the chemical speciation of pollutants (Denys et al.,



2007), and the solid-phase distribution in soils (Beak et al., 2006; Denys et al., 2007; Wragg et
al., 2007; Reis et al., 2014). Therefore, the challenge is to find single-extraction methods that
could be applicable to various soil types.

The objective of the present study was to evaluate the potential suitability of four chemical
single-extraction methods using acetic acid (0.11 M), citric acid (0.11 M), EDTA (0.16 M), and
hydrochloric acid (HCI; 0.65%) to mimic the bioaccessible fraction of As, Cd, and Pb obtained
with UBM in soil samples with a wide range of physicochemical parameters and metal(loid)s
concentrations. The interest was to provide information on the applicability of simplified
method(s) to study jointly both the gastric and the intestinal phases.

This paper presents a new statistical modeling approach to establish a robust model from an
extended database of 201 soil samples by using: (i) a training set of 140 samples to construct
both linear regression models (partial least squares regression and simple linear regression) and
to select the main chemical extractants to estimate the bioaccessibility of As, Cd, and Pb in both
phases, and (ii) an independent test set of 61 samples to validate the regression models and to

compare both regressions according to statistical indicators.

2. Materials and methods

2.1. Soil samples and characterization of soil parameters

A total of 201 soil samples were collected in 25 polluted sites located in France. These sites had
different uses and have been classified into the following categories (Table 1): industrial
activities (current and past), former smelting activities, former gas stations, urban gardens,
brownfields, and agricultural activities (naturally and artificially contaminated). These samples

included a wide range of physicochemical parameters and metal(loid)s concentrations.



Table 1. Soil parameters and pseudototal concentrations of As, Cd, and Pb (n = 201) for the different

soil samples according to their categories.

Categories No of Soil parameters Pseudototal concentrations
samples Clay Silt Sand oM pH (in Total CaCO4 As Cd Pb
% % % % water) gkg™ mgkg”  mgkg”' mgkg’
Industrial activities 29 Min 13 32 6.3 0.1 7.4 1.4 19 0.1 9.1
Mean 24 56 21 1.9 8.1 144 10.6 13.8 944
Max 53 73 51 7.3 8.4 734 49.8 329 12330
Former industrial activities 33 Min 6.8 16 12 1.6 75 4.0 6.3 0.2 19
Mean 14 42 44 22 8.0 48 35.1 26.3 1636
Max 26 66 74 67 9.1 333 199 483 9790
Former smelting activites 84 Min 11 19 6.6 2.2 4.3 0.3 55 0.2 31
Mean 21 41 39 8.8 7.3 24 30.7 105 684
Max 43 71 70 36 8.3 162 228 257 8971
Former gas stations 2 Min 11 17 45 4.2 75 86 13.3 0.3 137
Mean 17 24 59 5.1 7.6 128 17.7 0.4 225
Max 24 31 72 5.9 7.8 169 222 0.5 312
Urban gardens 10 Min 10 20 38 2.8 6.6 1.0 11.2 0.1 90
Mean 15 35 49 7.2 7.4 42 34.4 15 341
Max 18 42 70 16 8.3 123 94.5 4.3 660
Brownfields 6 Min 6.6 24 34 15 7.8 36 7.0 0.2 268
Mean 9.0 33 58 2.9 8.1 65 10.8 0.3 1249
Max 13 53 70 5.7 8.2 95 21.7 0.5 2659
Agricultural activities 10 Min 8.0 12 10 0.9 4.9 0.6 3.3 0.1 18
Mean 18 29 51 2.6 6.7 8.9 14.6 1.0 71
Max 42 73 84 5.1 8.2 31 744 45 288
Agricultural activities - 27 Min 18 48 4.0 21 4.7 1.0 34 0.5 231
spiked soils Mean 35 55 6.3 2.8 6.5 35 13.7 4.6 540
Max 47 69 13 6.4 8.3 110 17.0 8.4 2848

OM: organic matter

The soil samples were air-dried at a temperature below 40°C and sieved at 2 mm (Sieve Shaker
AS 200 Control, Retsch). Particle-size distribution (i.e., clay, silt, and sand contents) was
obtained through sedimentation and sieving (NF X 31—-107). Soil pH was measured in water
suspension (NF 1SO 10390), and organic matter content was obtained with the NF 1SO 10694
standard (i.e. determination of organic carbon by dry combustion). Total carbonate content was
determined by measuring the volume of CO> released after a reaction with HCI (NF 1ISO 10693).
For each of the 201 soil samples, a representative subsample was sieved at 250 um (Sieve
Shaker As Control, Retsch). The pseudototal metal(loid) concentrations (As, Cd, and Pb) in the
soil subsamples were obtained by Hot Block system-assisted digestion (Environmental
Express® SC100, Charleston, SC, USA) and determined by inductively coupled plasma mass
spectrometry (ICP-MS, 7900 Agilent Technologies, France). More specifically, 300 mg of soil
samples was digested in a mixture of 1.5 mL HNO3 (70%) and 4.5 mL HCI (37%) at 95°C for
90 min. After mineralization (Waterlot et al., 2012), digestion products were completed to

25 mL with ultra-pure water (resistivity 18.0 MQ cm ™) and stored at 4°C prior to analysis. All



precautions were taken regarding the protocol application and the calibration. Quality control
was based on the use of a certified sample (BCR CRM 141) and an internal control and provided
good recoveries for As, Cd, and Pb (98—105% for CRM 141, n = 4, and 84-104% for internal
control, n = 5). Seven blanks were included and the limits of detection (LD) were calculated

(LD of 0.2 ug L™ for As, 0.1 ug L™* for Cd, and 1 pg L™ for Pb).

2.2. Chemical extraction methods

2.2.1. In vitro oral bioaccessibility measurement

Bioaccessibility of As, Cd, and Pb was assessed using a widely employed, validated, and
standardized in vitro extraction method, the unified bioaccessible method (UBM; Denys et al.,
2012; 1SO 17924, 2016). The simulated digestive fluids were prepared individually 1 day
before the extraction (Table 2). In the UBM protocol, 0.6 g of soil subsamples was placed in
centrifuge tubes and mixed with 9 mL of saliva. After quick manual shaking (10 s), 13.5 mL of
gastric solution was added and the pH of the solution was adjusted to 1.20 + 0.05 with HCI
(37%). The tubes were shaken end-over-end at 37°C for 1 h and centrifuged at 4500 g for 5 min
(Rotanta 460 Hettich, Tuttlingen, Germany). The first stage constituted the gastric-only phase
(G phase). To simulate the gastric and intestinal phases together, a duplicate gastric phase
solution was produced on which 27 mL of duodenal fluid and 9 mL of bile solution were added
to give a final pH ranging from 6.25 to 6.35 (adding 10 M NaOH). The tubes were shaken end-
over-end at 37°C for 4 h and centrifuged at 4500 g for 5 min. This second phase constituted the
gastrointestinal phase of the extraction technique (GI phase). The resulting supernatants were
removed and bioaccessible concentrations of As, Cd, and Pb were measured by ICP-MS. In
vitro metal(loid) bioaccessibility was determined in triplicate soil samples. To evaluate
analytical recovery, blanks and an NIST Standard Reference Material (SRM 2710a) were used.

Mean recoveries in SRM 2710a (n = 22) ranged from 83 to 128%, 94 to 113%, and 83 to 129%



for As, Cd, and Pb, respectively, in the G phase, and from 83 to 130%, 71 to 126%, and 71 to
148% for As, Cd, and Pb, respectively, in the GI phase. The LDs were calculated from the
blanks (n = 22) (LD of 0.4 pug L™* for As, 0.2 pug L™* for Cd, and 2 pg L™* for Pb in both G and

GI phases).

Table 2. Composition of the digestive solutions used during the phases of the UBM (from Pelfréne et

al., 2011).
Saliva Gastric juice Intestinal juice Bile
Inorganic solution (500 mL)
KCI 896 mg NaCl 2752 mg NaCl 7012 mg NaCl 5259 mg
NaH,PO, 888 mg NaH,PO, 266 mg NaHCO; 5607 mg NaHCO3;5785 mg
KSCN 200 mg KCl 824 mg KH,PO, 80 mg KCI 376 mg
Na,S0,570 mg CacCl, 400 mg KCI 564 mg 180 pL HCI 37%
NaCl 298 mg NH4CI 306 mg MgCl, 50 mg
1.8mLNaOH 1.0M 8.3 mL HCI37% 180 pL HCI 37%
Organic solution (500 mL)

Urea 200 mg Glucose 650 mg Urea 100 mg Urea 250 mg

Glucuronic acid 20 mg

Urea 85 mg

Glucosamine hydrochloride 330 mg

Added compounds
Amylase 145 mg Bovine albumine 1g CaCl,200 mg CaCl,222 mg
Mucin 50 mg Mucin 3 g Bovine albumine 1g Bovine albumine 1.8 g
Uric acid 15 mg Pepsinlg Pancreatin 3 g Porcine bile 6 g
Lipase 500 mg
pH of solutions

6.5+0.5 1.1+0.1 74+0.2 8.0+0.2

2.2.2. Single-extraction methods

Based on previous studies (Le Bot et al., 2010, 2011; Waterlot et al., 2017), 0.11 mol L acetic
acid (AA), 0.11 mol L citric acid (CA), 0.16 mol L™* EDTA, and 0.65% HCI were selected as
single-extraction solutions.

For AA, CA, and EDTA extractions (\Waterlot et al., 2017), 1 g of each soil subsample was
weighed in triplicate and was placed into centrifuge tubes before adding 10 mL of one single-

extraction solution in order to have a 1/10 (weight/volume) soil/extractant ratio. Each mixture
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was shaken on a rotor disc at 10 r min™* for 16 h for AA and CA extractions or 24 h for EDTA
extraction at room temperature. The extract was separated from the solid residue by
centrifugation at 4500 g for 20 min. Afterwards, the supernatant was filtered over an acetate
Millipore membrane (0.45-pum porosity, Minisart, Sartorius, Gottingen, Germany), acidified by
adding HNO3z (70%), and stored at 4°C until analysis by ICP-MS. The EDTA solution was
adjusted to pH 7.5 with ammoniac. Quality control was based on an internal control and
provided good recoveries for As, Cd, and Pb (92—-106% for AA, n =6, 90-112% for CA, n =
6, and 94-104% for EDTA, n = 6).

To improve assessment of human exposure and risk, a protocol using HCI was developed for
measuring the bioaccessible (stomach accessibility) concentrations of metal(loid)s, and more
specifically Pb, in wipe samples of dust and soil (Le Bot et al., 2010) and then adapted directly
on dust or soil samples (Le Bot et al., 2011). For HCI extraction, 0.03 g of each soil subsample
was weighed in triplicate and was placed into polyethylene tubes before adding 25 mL HCI at
0.65%. To mimic peristalsis in the stomach, the samples were ultrasonicated (Elmasonic S120,
Grosseron, France) for 15 min and then digested in a graphite block (Digiprep System, SCP
Science) at 37°C for 1 h. Samples were then ultrasonicated for another 15 min. After volume
adjustment to 40 mL, a 20-mL aliquot was filtered (0.45-um filter, Millipore, St Quentin en
Yvelines, France), the solution was diluted with 5% HNO3 and 9.35% HCI before analysis by
ICP-MS. Quality control was based on two reference material samples (EnvironMAT™ from
SCP Science) and the mean recoveries for As, Cd, and Pb were 89-115% for reference no. 140-

025-001, n = 15, and 75-110% for reference no. 140-025-002, n = 9.

2.3. Model estimation and validation
The 201 soil samples were randomly divided into two sets to create a training set (n = 140) and

atest set (n =61, i.e., 30% of the soil samples).
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The first approach consisted in model estimation from the set of 140 soil samples. This training
set was used to construct linear regression models and to select the best chemical extraction
method(s) to estimate the metal(loid) bioaccessibility in both the G and the GI phases. To
construct the best regression models, a double statistical analysis was conducted on the training
set. Two types of models were estimated: (i) partial least squares (PLS) regression using the
four extraction methods as explanatory variables and (ii) simple linear regression separately for
each extraction method.

In a previous study (Waterlot et al., 2017) carried out on a limited number of soil samples
located in a former smelting area, we showed that the best relationships for predicting
bioaccessibility were established using AA and CA for Cd, whereas for Pb, CA and EDTA
were identified as the best extractants. Other experiments highlighted the value of using HCI as
a suitable proxy to assess the bioaccessibility of As, Cd, and Pb (Le Bot et al., 2010). According
to these results, linear multiple regressions, and more specifically PLS regressions (because of
multicollinearity among extractants), were performed in an initial step to determine whether
combining the four extractants allowed for the best estimation to be obtained. The results of
PLS regression with all four components were considered. In the second step, simple linear
regressions were used for each of the four extractants. The prediction ability of each of the five
models (PLS regression and four simple linear regression models) was analyzed on the test set
of 61 soil samples. This set was not included in the construction of the models but was only
used for validation.

The model performance was evaluated by calculating the coefficient of determination (R2) in
the training set and the root mean square error of prediction (RMSEP) in the test set. This
allowed us to compare the accuracy of the prediction and the ability of the chemical extractions

to simulate metal(loid) bioaccessibility:

n 1/2
1 2
RMSEP = [E;(Bi —-B) l
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where B; is the measured bioaccessibility at location i, £ is the predicted bioaccessibility at
location i, and n is the sample size. Smaller RMSEP values indicate good predictions and that
the extractant performs well.

Statistical analyses were performed using R (R Core Team, 2019) and its package pls (Mevik
etal., 2019) and XLSTAT 2019.3.1 (Addinsoft). All data were log transformed because of the

log-normal distribution of the variables.

3. RESULTS AND DISCUSSION

3.1. General properties of the soils

The physicochemical characterization and the degree of contamination of As, Cd, and Pb in the
201 soil samples selected for this study are presented in Table 1. The texture of the soil samples
was highly variable since the percentage of clay, silt, and sand ranged from 6.6 to 53.2%, from
1.2 to 73.4%, and from 4.0 to 83.7%, respectively. On average, soils from areas with current
industrial and agricultural activities, and from brownfields, had low OM content (1.9, 2.6, and
2.9%, respectively), while soils from areas with former industrial activities had the highest
content of organic matter (OM; 22%). Some soil samples of this last category were also
contaminated by organic pollutants, and more specifically by polycyclic aromatic hydrocarbons
(PAHSs, from a former gas plant). PAHs are among the compounds taken into account in the
determination of organic matter content, which explain the high percentage obtained for some
samples. The pH in the database varied from 4.3 to 9.1 and wide ranges were observed in all
categories of soils. The soils were characterized by a very large variation in the content of
carbonates (0.3-734 g kg™?), where soils from agricultural activities tend to have lower values
(mean of 8.9 g kg ™) compared with soils from current industrial activities (mean of 144 g kg ™).
Contamination levels of As, Cd, and Pb also varied widely within and between the different

categories of soils and varied from very low levels (1.9, 0.1, and 9 mg kg%, respectively, for
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As, Cd, and Pb), reflecting relatively undisturbed soils, to extremely high levels (228, 483, and
12,300 mg kg ?, respectively, for As, Cd, and Pb) in polluted soils comprising mainly soils from
industrial and smelting activities and from brownfields. These soils with different parameters
made them good candidates for investigating the relationships between the different extractable
concentrations of metal(loid)s.

The 201 soil samples were then divided into a training set of 140 soils used for initial model
development, and a test set of 61 soils used to independently validate the models. The
physicochemical parameters and metal(loid)s concentrations for both sets are presented in

Table S1 of the Supporting Information.

3.2. Extractable concentrations of metal(loid)s in the study soils
The concentrations of metal(loid)s in both the G and Gl phases obtained using the single-
extraction methods and UBM are presented in Figure 1. Their ranges varied from very low to

extremely high.
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Figure 1. Boxplots of metal(loid)s concentrations extracted by acetic acid (AA), citric acid (CA),
EDTA, HCI, and UBM in the gastric (UBM-G) and gastrointestinal (UBM-GI) phases (n = 201;

expressed in mg kg™2).
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For As, the median values extracted by HCI (3.91 mg kg ) were similar to those obtained for
UBM-G (3.83 mg kg ) and UBM-GI (3.64 mg kg?). For Cd, the median values obtained with
HCI, and to a lesser extent with EDTA, and UBM-G were very close (0.76, 0.64, and 0.73 mg
kg2, respectively). It can also be noted that the median values of Cd extracted by CA (0.37 mg
kg™l were close to those obtained for UBM-GI (0.29 mg kg™?). For Pb, the median
concentrations extracted by both EDTA and HCI (189 and 198 mg kg2, respectively) were
similar to those measured by UBM-G (185 mg kg ™).

Expressed in percentage of total concentration, the extraction efficiencies of the methods varied
according to the soil and metal(loid)s (0.03-86.3% for As, 0.9-100% for Cd, and 0.05-100%
for Pb; Table 3).

Table 3. Concentrations of metal(loid)s (expressed in percentage of total concentration) determined in

the soil samples (n = 201) with the different extraction methods.

Simple extraction methods UBM
AA CA EDTA HCI G phase Gl phase
% %

As  min 0.03 0.1 11 2.3 8.0 6.0
median 0.8 10.9 9.2 19.8 21.9 20.1
mean 1.5 15.9 13.2 25.2 26.0 23.2
max 12.8 73.0 62.2 86.3 86.0 64.8

Cd min 11 0.9 3.7 5.8 21.7 6.2
median  19.4 52.9 73.2 85.4 82.7 35.7
mean 20.2 46.6 71.7 83.5 80.5 37.2
max 60.2 93.6 100.0 100.0 100.0 100.0

Pb  min 0.05 0.1 8.9 17.4 16.9 0.4
median 0.6 19.0 76.2 83.5 76.7 9.1
mean 1.4 19.2 73.9 80.1 75.1 12.6
max 15.1 79.1 100.0 100.0 100.0 68.4

AA: acetic acid; CA: citric acid; EDTA: ethylenediaminetetraacetic acid; HCI: hydrochloric acid,;
UBM: unified bioaccessibility method in the gastric (G) and gastrointestinal (GI) phases.

More specifically, according to the bioaccessibility of metal(loid)s measured by UBM, the
results showed that: (i) the bioaccessibility of As, Cd, and Pb in the G phase was 8.0—86.0%
(with a mean of 26.0% and a median of 21.9%), 21.7-100% (with a mean of 80.5% and a
median of 82.7%), and 16.9-100% (with a mean of 75.1% and a median of 76.7%),

respectively; and (ii) in the Gl phase, the bioaccessibility of these elements was 6.0—64.8%
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(with a mean of 23.2% and a median 0f 20.1%), 6.2—100% (with a mean of 37.2% and a median
of 35.7%), and 0.4—68.4% (with a mean of 12.6% and a median of 9.1%), respectively (Table
3). Notable differences were found in the behaviors of the metallic elements, which highlights
that As was, on average, less bioaccessible in the G phase compared with Cd and Pb. It is well
recognized that only a fraction of total As in soil is bioaccessible and that (iron) Fe
oxyhydroxides were identified as key factors influencing the bioaccessibility of As (\Wragg et
al., 2007; Girouard and Zagury, 2009; Appleton et al., 2012; Kim et al., 2014). This influence
was observed for different in vitro bioaccessibility assays. The high bioaccessibility of Cd and
Pb observed in the G phase was related to the acidic pH of this environment (pH = 1.2), which
induced an acidification of the organic salt functions and protonation of the Fe, manganese
(Mn), and aluminum (Al) oxide/oxyhydroxide surfaces (\Waterlot et al., 2017). During the Gl
phase, the bioaccessible fractions of Cd and Pb decreased considerably. In near-neutral pH and
in the carbonate-rich environment of the intestine phase, these metals may be stabilized in
solution by processes of adsorption or adsorption in remaining soil particles or other
indigestible materials present in chime and/or by precipitation as relatively insoluble
compounds (Davis et al., 1997; Basta and Gradwohl, 2000; Grgn and Andersen, 2003), allowing
them to be less bioaccessible.

In most cases, As bioaccessibility in the G phase was slightly higher than that in the GI phase,
which was also observed by Juhasz et al. (2009). Several studies have reported the importance
of Fe oxides in controlling As sorption in soils (Smith et al., 1998; Smedley and Kinniburgh,
2002; Juhasz et al., 2007). Some of the As associated with Fe oxides may be dissolved in the G
phase. Because the soluble Fe may be precipitated as amorphous oxides when pH increases
from the gastric to the intestinal compartments (Mercer and Tobiason, 2008), dissolved As can
be sorbed to these amorphous Fe oxides by surface complexation or ligand exchange to surface

hydroxyl functional groups, thereby reducing the concentrations of dissolved As in the Gl phase
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(Juhasz et al., 2009). For some soil samples (22%), bioaccessible As increased slightly from
the G to the Gl solutions, reflecting its desorption from solid phases at higher pH in the Gl fluid
than that in the G fluid (Beak et al., 2006). Moreover, Wenzel et al. (2001) clearly demonstrated

the role of phosphates in the desorption of As from solid phases in digestive fluids.

3.3. Predicting As, Cd, and Pb bioaccessibilities

The training set of 140 soil samples was used to construct linear regression models and to select
the best chemical extraction method(s) to estimate the bioaccessibility of As, Cd, and Pb in both
the G and GI phases. To do this, both simple and multiple (PLS) linear regressions were
conducted. Figures 2, 3, and 4 present the simple relationships between extractable
concentrations obtained with UBM in both phases and those obtained with AA, CA, EDTA or
HCI for As, Cd, and Pb, respectively.

For As (Figure 2), the best relationships were established using HCI in both phases with a
determination coefficient of R2 = 0.91. To a lesser extent, the results showed also important
correlations between As extracted in the G and Gl phases and using CA (R2z = 0.88 and 0.87,
respectively) and EDTA (Rz = 0.81 and 0.77, respectively). In all cases, according to the
intercepts of the equations (from 0.13 to 0.45), either a more important or a less important
underestimation of As bioaccessible values was observed by using HCI, EDTA, and CA.

For Cd (Figure 3), the concentrations measured with all single-extraction methods generally
correlated with bioaccessible Cd in the G phase, with Rz = 0.81-0.99, and that in the GI phase,
with R? = 0.78—0.97. However, for this element, specific behaviors were highlighted. With CA,
two groups of soil samples appeared, where group 1 (n = 120; indicated by black circles in
Figure 3) corresponds to soils with low or moderate carbonate contents (0.3-90 g kg, mean
of 20 g kg™!) while the other group (n = 20; black dots) corresponds to soils that are highly

carbonated (91-333 g kg ™).
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Figure 2. Relationships between extractable concentrations of As by UBM in gastric (UBM-G) and
gastrointestinal (UBM-GI) phases and those by acetic acid (AA), citric acid (CA), EDTA, and HCI (n

= 140; training set). All extracted concentrations are expressed in mg kg ™.
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Figure 3. Relationships between extractable concentrations of Cd by UBM in gastric (UBM-G) and
gastrointestinal (UBM-GI) phases and those by acetic acid (AA), citric acid (CA), EDTA, and HCI (n
= 140; training set). All extracted concentrations are expressed in mg kg . Group 1 (i.e., black circles)
corresponds to soil samples with low or moderate carbonate content; black dots correspond to highly

carbonated soils; LD: limit of detection.
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Figure 4. Relationships between extractable concentrations of Pb by UBM in gastric (UBM-G) and
gastrointestinal (UBM-GI) phases and those by acetic acid (AA), citric acid (CA), EDTA, and HCI (n
= 140; training set). All extracted concentrations are expressed in mg kg . Group 1 (i.e., black circles)
corresponds to soil samples with low or moderate carbonate content; black dots correspond to highly

carbonated soils.

By considering only group 1 instead of the total soil population, significant relationships were
observed in both the G and GI phases (R2 = 0.99 and 0.97, respectively) and the regressions
were improved (i.e., slopes close to 1 and very low intercepts of +0.17 and —0.22, respectively).
With HCI, some soil samples (n = 19) presented extractable concentrations less than the LD (<
0.2 ug L™). These soils were characterized by pseudo-total Cd concentrations below 0.20 mg
kg%, which do not represent a risk for human exposure. By removing these values, significant
relationships were obtained in both phases (R2 = 0.99 and 0.97, respectively). In the G phase,
the equation between UBM and HCI showed a slope of 1 and an intercept close to 0, while in
the GI phase, an overestimation of bioaccessible values was observed (intercept of -0.41). With
EDTA, important relationships were observed in both phases (R2 = 0.99 and 0.97, respectively)
within the range of soils studied, and the equations showed a slope of 1 (Figure 3).

For Pb (Figure 4), the best relationships were established using both EDTA and HCI but only
in the G phase with a determination coefficient of R2 = 0.99. For these two extractants, the
equations obtained showed a slope of 1 and an intercept close to 0. With CA, the same behavior
as Cd was observed but only in the G phase. Indeed, the same two soil groups appeared with a
distinction between soils with low or moderate carbonate contents (group 1, n =120) and highly
carbonated soils (n = 20). As for Cd, when considering only group 1, important relationships
were observed (R?z = 0.96) and the regression was improved. However, whatever single-
extraction method used, the simulation of Pb bioaccessibility in the GI phase was the least

successful one.
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In the present study, the four extractants were chosen for their potential ability to select the
reactive pool of metal(loid)s either by competing with the metallic element for solid-phase
binding sites (the case of dilute acids) or by competing with the binding sites to complex the
element (the case of EDTA) (Groenenberg and Lofts, 2014). The solubility of metals that occur
as cations is controlled by precipitation, co-precipitation, and sorption equilibria between the
solution and the reactive surfaces in the soil solid phase (e.g., carbonate minerals, organic
matter, amorphous metal oxides, and clay), all of these reactions being pH-dependent (Degryse
et al., 2003; Poggio et al., 2009; Rodrigues et al., 2010b; Pelfréne et al., 2015). With CA as
single-extraction method, the chemistry of metallic elements, and more specifically Cd and Pb,
was affected differently. Specific behavior was observed depending on the carbonate contents
in the soil samples studied. In the case of slightly or moderately carbonated soils, all carbonate
phases were dissolved by the acidic solutions (both CA and UBM in the G phase), which
explains the significant relationships between the two methods. When considering only the
highly carbonated soils, a significant relationship was also observed; however, the results
highlighted an underestimation of Cd and Pb bioaccessible values with CA, which could be
explained by the change of speciation of this extractant. Indeed, the affinity of CA toward
cations depends on its speciation, which in turn depends on the pH of the mixture “soil particles
and extracting solution,” and on the ability of the acid to form complexes with metals (e.g.,
mono-, bi-, and polynuclear species as well as bi-, tri-, and multidentate complexes with metals,
according to their ionic charge; Waterlot et al., 2017). To examine this hypothesis, the pH of
the mixture was tested for all soil samples, and ranged between 8.0 and 10.3. At these pH values,
CAis in its citrate ion form; thus, the speciation of the ion did not explain the underestimation
of Cd and Pb bioaccessible concentrations. However, in the highly carbonated soils, the Ca?*
ions could be in competition with Cd?* and Pb?* according to the complexation and precipitation

reactions with citrate ions, thereby reducing the concentrations of dissolved metals such as Cd
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and Pb. In both cases, the CA extraction method could be used to assess the bioaccessibility of
Cd and Pb in the G phase; however, two different equations should be taken into account
depending on the carbonate content in the soil.

In parallel, PLS regressions were conducted to determine whether combining the four
extractants allows a better estimate to be obtained. Using the test set of 61 soil samples, both
regressions were compared according to the RMSEP (Table 4) and the ratios (Figure S1 of the
Supporting Information) between the measured bioaccessible concentrations by UBM and the
predicted bioaccessible concentrations by either the best single extractants (EDTA or HCI) or

a mix of extractants (PLS).

Table 4. Values of RMSEP (root mean square error of prediction) for model validation (n = 61).

Extractant As-G  As-GI  Cd-G Cd-GlI Pb-G Pb-GlI

AA 0.36 0.31 0.27 0.29 0.25 0.46

CA 0.3 0.25 0.43 for all values 0.45 for all values 0.41 for all values 0.52
0.10 only for group 1 0.14 only for group 1 0.19 only for group 1

EDTA 0.17 0.16 0.16 0.18 0.089 0.39

HCI 0.12 0.11 0.14 for all values 0.19 for all values 0.079 0.37
0.13 only for values > LD 0.19 only for values > LD

PLS 0.17 0.13 0.13 0.14 0.075 0.36

AA: acetic acid; CA: citric acid; EDTA: ethylenediaminetetraacetic; HCI: hydrochloric acid; PLS:
partial least square regression; As-, Cd-, and Pb-G: metal(loid) in the gastric phase; As-, Cd-, and Pb-
GI: metal(loid) in the gastrointestinal phase. LD: limit of detection. Group 1: soils with low or

moderate carbonate content.

For As, variations of RMSEP values were observed between the different extraction methods
and the values decreased in the order AA > CA > EDTA > HCI (Table 4). The lowest RMSEP
values were obtained for HCI to predict bioaccessibility in both the G and the GI phases. With
PLS, the values were in the same order of magnitude as those calculated with EDTA or HCI
alone and did not improve the prediction of As bioaccessibility (Table 4 and Figure S1 of the

Supporting Information). For Cd, the RMSEP values decreased in the order CA> AA > EDTA
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>HCI (Table 4). The lowest values were obtained for EDTA and HCI to mimic bioaccessibility
in both phases. However, by considering only soil samples from group 1 (i.e., slightly or
moderately carbonated), the best results were observed with CA, with RMSEP values of 0.10
and 0.14, respectively, in the G and GI phases. As previously shown for As, the PLS did not
improve the prediction of Cd bioaccessibility (Table 4 and Figure S1 of the Supporting
Information). For Pb, the RMSEP values decreased in the order CA > AA >> EDTA > HCl
when considering the G phase, while in the GI phase the values were high whatever the
extractants used (0.37-0.52) (Table 4). In the G phase, the RMSEP values obtained with EDTA
and HCI (0.089 and 0.079, respectively) were much smaller than those of the other extractants.
The same behavior as for Cd was highlighted for Pb in the G phase, where the RMSEP was
significantly decreased when taking into account only group 1 of the soil samples (from 0.41 to
0.19). With PLS, the values were in the same order of magnitude as those calculated with HCI
alone and did not improve the prediction of Pb bioaccessibility (Table 4 and Figure S1 of the
Supporting Information).

When considering all the soil samples studied, it is clear that the predicted bioaccessibility
values of As, Cd, and Pb by CA (differentiating between soils with high and those with low or
moderate carbonate content), EDTA, or HCI were in agreement with the values measured in
both phases (to a lesser extent in the Gl phase for Pb). Indeed, the RMSEP values were low,
suggesting a satisfactory and effective calibration of the models. The results also highlighted
that the RMSEP values were low with PLS. However, the differences between the two
regression methods were not large enough to justify the use of four extractants to mimic the
bioaccessibility of metal(loid)s.

In view of the previously obtained results and when considering all soil samples studied, the
validation was carried out by taking into account the following as single-extraction methods:

(i) HCI for As (Figure S2 of the Supporting Information), and (ii) CA, EDTA, and HCI for Cd
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(Figure S3 of the Supporting Information) and Pb (Figure S4 of the Supporting Information) in
both the G and the GI phases.

Table 5 summarizes the best regression models for As, Cd, and Pb representing bioaccessible
concentrations in the G and Gl phases as a function of extractable concentrations by HCI,
EDTA, or CA and their conditions of use in the range of soils studied.

Regarding the range of the degree of contamination of the soils studied, the most relevant results
for estimating the oral bioaccessibility of As were gained from the HCI extraction method.
Given the human health hazard of this element, additional investigations were carried out to
confirm this observation, by integrating 27 additional soils with significantly higher levels of

As contamination. The results are presented in the Supporting Information (Figure S5).

Table 5. Best regression models for As, Cd, and Pb representing bioaccessible concentrations with
UBM in gastric (G) and gastrointestinal (GI) phases as a function of extractable concentrations by

HCI, EDTA, or citric acid (CA) (n = 140, training set).

Element Phase Extractant Equation R2 Recommendations of use
As G HCI logi0[As]uem = 0.83 x 10910[AS]Hci + 0.16 0.91 In the range of soils studied
Gl HCI logi0[As]uem = 0.80 X l0g10[AS]Hc) + 0.13  0.91  In the range of soils studied
Cd G HCI l0g10[Cd]usm = 1.00 x logso[Cd]Hc) - 0.01 0.99  In soils with [Cd];ora > 0.20 mg kg™
EDTA log10[Cd]uem = 1.01 x log;o[Cd]epta + 0.06  0.99  In the range of soils studied
CA l0og10[Cd]uem = 0.98 x logio[Cd]ca + 0.17 0.99 In soils with low or moderate carbonate content
log10[Cd]usm = 0.98 x log10[Cd]ca + 1.26 0.96  In soils highly carbonated (> 10%)
Gl HCI logi0[Cd]ugm = 1.03 X 10g10[Cd]ci = 0.41  0.97  In soils with [Cd]ieta > 0.20 mg kg™
EDTA log10[Cd]usm = 1.01 X log10[Cd]gpta — 0.32  0.97 In the range of soils studied
CA log10[Cd]usm = 0.98 x log;o[Cd]ca — 0.22 0.97 In soils with low or moderate carbonate content
log10[Cd]usm = 0.94 x log;0[Cd]ca + 0.89 0.94  In soils highly carbonated (> 10%)
Pb G HCI logio[Pb]usm = 1.01 X logio[Pb]ci — 0.06  0.99  In the range of soils studied
EDTA log10[Pb]ugm = 1.01 X log10[Pb]epta — 0.01  0.99  In the range of soils studied
CA logi0[Pb]usm = 0.84 x log;o[Pb]ca + 0.85 0.96 In soils with low or moderate carbonate content
log10[Pb]usm = 0.69 X logio[Pb]ca + 2.09 0.93  In soils highly carbonated (> 10%)
Gl HCI logio[PbJuem = 1.11 X logio[Pb]uci — 1.28 0.72 In the range of soils studied
EDTA logi0[Pb]uem = 1.09 x logi0[Pb]epta = 1.20 0.7 In the range of soils studied

4. Conclusion
An investigation was undertaken to assess the potential suitability of chemical single-extraction

methods using AA (0.11 M), CA (0.11 M), EDTA (0.16 M), and HCI (0.65%) to mimic the
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bioaccessible fraction of As, Cd, and Pb in 201 soil samples with a wide range of
physicochemical parameters and metal(loid)s concentrations (1.9— 228 mg kg™ for As, 0.1—
483 mg kg for Cd, and 9-12,300 mg kg* for Pb). A statistical modeling approach was
followed to establish a robust model by using: (i) a training set of 140 samples to construct
regressions models and (ii) an independent test set of 61 samples to validate the regression
models.

We showed in 201 various soil samples that the oral bioaccessibility of As, Cd, and Pb can be
predicted by HCI, EDTA, or CA. These three cheaper single-extraction methods are ease of use
for analytical laboratories, fast and reproducible. Because the method with HCI is closer to
physiological conditions (i.e., solid/liquid ratio, reagent, temperature, pH and residence time in
the stomach) compared to others, it can be used to assess the bioaccessibility of As, Cd, and Pb
at least in first-tier screening. More specifically, from the extractable concentrations of
metal(loid)s by HCI, the predicted bioccessibility may be calculated by taking the equations
from simple linear regressions. In a second-tier study and a complementary validation approach,
it is recommended to use the UBM protocol in a few soil samples for better assessment of
human exposure. The UBM bioaccessibility test has only been validated against in vivo data
for As, Cd and Pb. The UBM and the simplified UBM (by using HCI) protocols could be used
for other elements; however, the data obtained can only be considered as a useful line of

evidence in interpreting results.
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Supporting Information

Table S1. Soil parameters and pseudototal concentrations of As, Cd, and Pb for both the training set

and the test set of soil samples (n = 140 and 61, respectively).

Set of No of Soil parameters Pseudototal concentrations
soil samples samples Clay Sit Sand OM pH(in TotalCaCO; As Cd Pb
% % % %  water) gkg’ mgkg™ mgkg” mgkg™
Training set 140 Min 7 1 40 02 43 0.3 2.0 0.1 9.1
Mean 21 43 36 81 74 39 24.8 125 686
Max 47 73 84 66.9 9.1 333 199 483 12330
Test set 61 Min 7.0 19 4 0.1 4.7 1.0 1.9 0.1 9.6
Mean 22 46 31 90 75 73 25.2 9.0 1138
Max 53 72 74 60.7 8.3 734 228 257 9790

OM: organic matter
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Figure S1. Boxplots of ratios (n = 61, test set) between measured bioaccessible concentrations by
UBM in gastric (G) and gastrointestinal (GI) phases and predicted bioaccessible concentrations by
either single extractant (EDTA or HCI) or a mix of extractants (PLS; partial least square regression).
HCI? and HCIP correspond to ratios calculated from all soil samples in the test set and from only soil

samples with pseudototal concentrations of Cd greater than 0.20 mg kg2, respectively.
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Figure S2. Bioaccessibility of As in gastric (As-G) and gastrointestinal (As-Gl) phases measured by

UBM versus predicted values by HCI for model validation (n = 61, test set).
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Figure S3. Bioaccessibility of Cd in gastric (Cd-G) and gastrointestinal (Cd-Gl) phases measured by

UBM versus predicted values by CA (when considering the two groups according to their carbonate

contents), EDTA, and HCI for model validation (n = 61, test set).
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Figure S4. Bioaccessibility of Pb in gastric (Cd-G) and gastrointestinal (Cd-GI) phases measured by

UBM versus predicted values by CA, EDTA, and HCI for model validation (n = 61, test set).
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Additional investigations for As

A total of 27 soil samples were collected from mining settings. The soil samples were air-
dried at a temperature below 40°C and sieved at 2 mm and then at 250 um. The analytical
determinations consisted in measurements of: (i) the pseudototal concentrations of As; (ii) the
bioaccessible concentrations of this element in the gastric (G) and gastrointestinal (GI) phases
using UBM (unified bioaccessibility method); and (iii) the concentrations of As extracted by
the HCI extraction method.

For this additional test set, the contamination level of As in the soil samples varied from 68 to
2641 mg kg* (with a mean of 422 mg kg™?).

When considering both the initial test set (n = 61) and the additional test set (n = 27), the
validation was performed by taking into account the equations established with HCI to mimic
the bioaccessibility of As in the G and Gl phases (Figure S5). Results showed that the HCI
extraction method can predict As bioaccessibility in both phases quite successfully (R2=0.94
and 0.95, respectively, for the G and the GI phases) in soils with a wide range of As

concentrations (1.9-2641 mg kg™2).
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Figure S5. Bioaccessibility of As in gastric (As-G) and gastrointestinal (As-Gl) phases measured by
UBM versus predicted values by HCI for model validation from the initial test set (n = 61) and from

the additional test set (n = 27).
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