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A B S T R A C T   

In the last decade, extensive studies have been conducted to quantify the influence of different factors on 
potentially toxic elements (PTE) bioaccessibility in soil; one of the most important is soil size fraction. However, 
there is no agreement about the size fraction and the methods to investigate bioaccessibility, as very few review 
articles are available on soil PTE bioaccessibility and none addressed the influence of particle size on PTE bio
accessibility. This study provides a review of the relations between PTE bioaccessibility and soil particle size 
fractions. The available research indicates that PTE bioaccessibility distribution across different size fractions 
varies widely in soil, but a general trend of higher bioaccessibility in finer size fraction was found. The different 
elements may exhibit different relationships between bioaccessibility and soil size fraction and, in some cases, 
their bioaccessibility seems to be more related to the source and to the chemico-physical form of PTE in soil. 
Often, soil pollution and related health risk are assessed based on PTE total concentration rather than their 
bioaccessible fraction, but from the available studies it appears that consensus must be pursued on the methods 
to determine PTE bioaccessibility in the fine soil size fractions to achieve a more accurate human health risk 
assessment.   

1. Introduction 

Soils are a source and a sink of various inorganic and organic com
pounds, natural or anthropically-derived, depending on the soil type, 
soil use, parent material and anthropic pressure, e.g due to industrial 
and mining activities, traffic, waste disposal and others causing 
contamination and related environmental and health impacts (Alloway, 
2013). 

Soil contamination from potentially toxic elements (PTE) has 
become of great concern worldwide in the past few decades as PTE, 
contrarily to most organic pollutants, cannot be degraded and are 
difficult to remove, persisting for a long time in the soil environments 
(Ma et al., 2009; Frohne et al., 2014; Padoan et al., 2020a). 

PTE may occur naturally in soils; however additional contributions 
come from anthropogenic activities such as mining, smelting, fertiliza
tion, and urbanization, leading to their build up and gradual release into 
the environment. In these cases, soils could become a sink of PTE, 
causing various degrees of pollution in urban, agricultural, and indus
trial contexts (Ajmone-Marsan et al., 2019; Cai et al., 2016; Li et al., 
2014; Mehta et al., 2019; Mokhtarzadeh et al., 2020). 

Most studied PTE include the xenobiotic and highly toxic lead (Pb), 
arsenic (As), chromium (Cr), cadmium (Cd) and mercury (Hg), as well as 
some essential elements, such as copper (Cu), zinc (Zn), cobalt (Co), 
manganese (Mn) and nickel (Ni) that can become toxic when accumu
lated at high concentrations in soils (Alloway et al., 2013; Li et al., 
2018). These studies rise from the fact that human exposure to PTE in 
soils is a major public concern and is associated with serious risks to 
human health. PTE in soil can exert their toxicity to human and plants 
when they encounter the receptor or are absorbed. Human exposure 
scenarios to PTE in soil are, therefore, inhalation, inadvertent oral 
ingestion, and dermal contact (Shi et al., 2011; Ruby and Lowney, 
2012). Even though exposure routes are manifold, inadvertent oral 
ingestion has been considered, and calculated, to be the main exposure 
path in most health risk assessment studies, especially through outdoor 
hand-to-mouth activities by children (Oomen et al., 2002; USEPA 
(United States Environmental Protection Agency), 2011; Pelfrêne et al., 
2012). 

Risk estimation due to oral ingestion of contaminated soil particles 
should be defined considering potential exposure, thus quantity and 
quality of ingested particles (USEPA (United States Environmental 

* Corresponding author. 
E-mail addresses: yan.li@unito.it (Y. Li), elio.padoan@unito.it (E. Padoan), franco.ajmonemarsan@unito.it (F. Ajmone-Marsan).  

Contents lists available at ScienceDirect 

Ecotoxicology and Environmental Safety 

journal homepage: www.elsevier.com/locate/ecoenv 

https://doi.org/10.1016/j.ecoenv.2020.111806 
Received 27 August 2020; Received in revised form 19 November 2020; Accepted 10 December 2020   

mailto:yan.li@unito.it
mailto:elio.padoan@unito.it
mailto:franco.ajmonemarsan@unito.it
www.sciencedirect.com/science/journal/01476513
https://www.elsevier.com/locate/ecoenv
https://doi.org/10.1016/j.ecoenv.2020.111806
https://doi.org/10.1016/j.ecoenv.2020.111806
https://doi.org/10.1016/j.ecoenv.2020.111806
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoenv.2020.111806&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ecotoxicology and Environmental Safety 209 (2021) 111806

2

Protection Agency), 2011), and potential adsorption of PTE after 
ingestion (Paustenbach, 2000). Since not all the ingested PTE are easily 
released from the soil matrix, and thus adsorbed from the body, methods 
for the assessment of bioaccessible concentrations have been developed. 
The bioaccessibility of an element represents the fraction of the ele
ment/compound that is soluble in the gastrointestinal tract and, there
fore, available for absorption (Ruby et al., 1999). Soil PTE absorption 
can be assessed using in vivo methods, to evaluate the bioavailability of 
soil PTE alone or in comparison with a PTE-salt reference dose, or by in 
vitro methods, using digestion models based on human physiology that 
have been developed to reduce the difficulty and the costs of in vivo 
studies (Oomen et al., 2002; Juhasz et al., 2009). 

Although in the last years many studies investigated PTE bio
accessibility in different soils from different areas with different 
contamination histories (Cui et al., 2018; Valido et al., 2018; Li et al., 
2020a; Mehta et al., 2020), the factors controlling bioaccessibility, such 
as elemental speciation and soil physical properties, have seldom been 
investigated. 

In this regard, an important soil property which influences PTE 
bioaccessibility appears to be the soil particle-size distribution since PTE 
partitioning in various soil particle sizes can affect both exposure and 
PTE extractability. For example, as the ingestion of contaminated soil is 
largely the result of hand-to-mouth contact, we have to consider the size 
fraction adhering to human hands, especially of children, as for adults 
soil ingestion is considered to be lower (Yamamoto et al., 2006; USEPA 
(United States Environmental Protection Agency), 2011). Various 
studies assessed the soil particle size of relevance, although a definitive 
upper size cutoff has not yet been defined (Yamamoto et al., 2006; 
Siciliano et al., 2009; Ruby and Lowney, 2012). Since soil texture and 
organic matter directly influence dust adherence to hands, different 
studies achieved different cutoff sizes, ranging from 50 to 250 µm in 
diameter (Driver et al., 1989; Edwards and Lioy, 1999; Yamamoto et al., 
2006; Ruby and Lowney, 2012). Moreover, fine soil particles are nor
mally more concentrated in clay minerals and organic matter, influ
encing the total concentration and the extractability of PTE in the finer 
soil fraction (Ajmone-Marsan et al., 2008; Madrid et al., 2008). 

Many studies in recent years started investigating the behavior of 
PTE in different soil size fractions but methods, soil fractions investi
gated and purposes of the studies have been quite dissimilar, making it 
hard to draw some general conclusions on PTE bioaccessibility and a 
possible unified method. Up to now, research groups have tested in vitro 
PTE bioaccessibility in different soil size fractions, however they may 
not be comparable as no in vivo data was obtained in different soil 
fractions. 

This review is aimed to i) compare the most commonly used methods 
to estimate PTE bioaccessibility in soil particles to identify the optimal 
size for soil bioaccessibility and risk assessment; ii) discuss the variation 
of PTE bioaccessibility within particle sizes; iii) compare the efficacy of 
the methods to estimate metals and metalloids bioaccessibility. 

2. PTE bioaccessibility methods 

The in vitro bioaccessibility is defined as the fraction of an element 
that is soluble in simulated biological conditions such as, for oral bio
accessibility, the gastric and intestinal juices (Ruby et al., 1999; Juhasz 
et al., 2009). The determination relies on the extraction of the elements 
with solutions mimicking the chemical conditions encountered in the 
human stomach or intestines (Turner, 2011). The bioaccessible fraction 
measured using in vitro methods is usually greater than the actual 
bioavailable fraction (Paustenbach, 2000) and its use provides a con
servative measure of bioavailability. These tests have been mostly 
developed using soil contaminated with one or few elements, but they 
have been extended to various PTE for which they have not yet been 
demonstrated to be good analogs of in vivo conditions. 

The most used methods include the Solubility/Bioavailability 
Research Consortium method (SBRC), the Simple Bioaccessibility 

Extraction Test (SBET), the In Vitro Gastrointestinal method (IVG), the 
Physiologically Based Extraction Test (PBET), the Deutsches Institutfür 
Normunge V method (DIN), and the Unified BARGE Method (UBM) 
which is based partly on the previously developed Dutch National 
Institute for Public Health and the Environment method (RIVM) (Ruby 
et al., 1996; Rodriguez et al., 1999; Oomen et al., 2002; Drexler and 
Brattin, 2007; Juhasz et al., 2009; Wragg et al., 2011). The SBET method 
consists, however, only in the gastric phase extraction of the SBRC 
method and, thus, in this manuscript, will be called as SBRC gastric to 
diminish the acronyms. 

In brief, soil aliquots are mixed with solutions simulating the gastric 
and intestinal environments, incubated for a particular time with a 
specific soil/solution ratio and then extracted PTE concentrations are 
quantified (Fig. 1). 

In vitro PTE relative bioaccessibility (RBA) can be calculated as 
follows: 

PTE RBA(%) =
in vitro concentration

total concentration
× 100 

All the solutions simulating the gastrointestinal fluids have a 
physiologically-based composition, except the SBRC gastric phase, and 
they are mainly composed of salts to control pH and competing ions, 
complexants as organic acids, enzymes, and proteins. The differences 
between these physiologically driven methods are mostly variations in 
the gastrointestinal fluid composition and extraction parameters as the 
incubation time in the gastric and small intestinal phases or the solution 
pH. For example, in the gastric phase, the soil residence time is 1 h for 
PBET, SBRC, UBM, and IVG but 2 h for DIN. In the small intestinal phase, 
the extraction time is 1 h for IVG, 2 h for UBM, 4 h for PBET and, 6 h for 
DIN (Li et al., 2020a). 

A scheme of the main parameters and of the differences involving 
SBRC, PBET, IVG, DIN, and UBM methods is reported in Table 1. 

These methods have been established starting from one or a limited 
number of key soil contaminants, chosen in view of their toxicity to 
humans and of their presence in most of contaminated sites. All the five 
procedures have been tested for As and Pb using a large number of 
contaminated soils in different studies, while for Cd, compared to As and 
Pb, only 4 studies provided paired bioaccessibility and bioavailability 
data (Li et al., 2020a). In vitro assays were tested to assess the correla
tion between in vivo and in vitro results, the most important result for 
the validation of the methodology, along with its repeatability and 
reproducibility (Wragg et al., 2011). 

After their first publication the methods have been stretched and 
utilized for a wide variety of elements for whom the methods had not 
been yet validated, counting on the fact that the reliability of the results 
for Pb, Cd and As could be extended to elements having different 
chemical reactivity. 

In recent years, some studies assessed the comparability of the 
different in vitro methods using a range of contaminated or reference 
soil samples, and results varied significantly depending on target 
element, and contamination source (Juhasz et al., 2015; Li et al., 2020a). 
Generally, gastric phases were better correlated with in vivo data, with 
SBRC and UBM methods, the simplest one (SBRC) and the most complex 
one (UBM) of the assays, producing the highest bioaccessibility values, 
providing more conservative results. Both methods were also been re
ported as the best assays for As, Pb and Cd bioaccessibility measurement 
in contaminated soils (Li et al., 2015; Li et al., 2020a), with the gastric 
phase of SBRC also accepted by USEPA to estimate Pb bioaccessibility 
(USEPA (United States Environmental Protection Agency), 2013). For 
this review, the above-depicted in vitro methods will be considered as 
comparable, to focus on the soil-dependent factors affecting the results. 

2.1. Factors affecting PTE bioaccessibility 

Beside the chemical nature of the analytes, and of the solubility and 
the extractability of elements in the specific conditions adopted by the 

Y. Li et al.                                                                                                                                                                                                                                        



Ecotoxicology and Environmental Safety 209 (2021) 111806

3

different tests, it is well known that the bioaccessibility of PTE is also 
strongly dependent from soil characteristics, such as pH, organic matter 
and texture (Petruzzelli et al., 2020). For instance, previous studies have 
shown that the bioaccessibility of several PTE (Cu, Cd, Cr, Co, Pb, Zn, 
and Ni) in soil was significantly correlated with the total elemental 
content and soil texture (Mendoza et al., 2017; Cai et al., 2016). Other 
studies have attempted to identify the effect of specific soil properties on 
PTE bioaccessibility, revealing, not surprisingly, that pH is one of the 
most important parameters governing it (Li et al., 2003). Particularly, 
most PTE increase their bioaccessibility when the pH decreases (Du 
et al., 2020), which may be due to its influence on the chemical speci
ation and to the competition of H+ ions for the same adsorption sites on 
the soil surfaces (Basta et al., 1993; Petruzzelli et al., 2015). Moreover, 
proton-promoted dissolution of Fe/Al/Mn oxyhydroxides, which could 
be a sink of PTE, also contribute to the increased bioaccessibility when 
pH decrease (Fu et al., 2010). Other important soil components influ
encing PTE bioaccessibility are soil organic matter (SOM), as well as Fe, 
Al and Mn oxides. Mostly, oxides can increase the stability of PTE in soils 
via inner and outer sphere complexation reactions, leading to a decrease 
in bioaccessibility, while SOM could also enhance the dissolution of PTE 
due to complexation from acid functional groups of low molecular 
weight SOM components (Palmer et al., 2014; Cai et al., 2017; Yin et al., 

2015). 
The effect of SOM on PTE bioaccessibility has been recently inves

tigated directly in the simulated gastrointestinal (GI) fluids from Liu 
et al. (2019). They depicted the Pb speciation and the role of organic 
complexes on Pb bioavailability. The authors stressed that increasing 
SOM content could increase Pb bioaccessibility due to the presence of 
Pb-humic complexes in the GI fluid. 

2.2. Soil size fractionation 

Soil texture and, more specifically, the size of particles investigated, 
may also have a considerable impact on bioaccessibility results. 

All the extraction methods have been firstly developed using bulk 
soils, sieved at < 2 mm, and have been then validated using the 
< 250 µm soil fraction, historically chosen because of its likely repre
sentation of the soil particles that would be expected to adhere to chil
dren’s hands (Ruby and Lowney, 2012). 

However, the choice of a specific particle size fraction is of crucial 
importance for the evaluation of PTE bioaccessibility. Different soil size 
fractions may exhibit different properties and compositions, affecting 
the behavior of pollutants in soil microenvironments (Acosta et al., 
2011). Previous studies have shown that fine soil fractions accumulated 

Fig. 1. Schematic diagram of in vitro soil PTE bioaccessibility test procedure.  

Table 1 
Composition of gastrointestinal fluids and operational parameters of SBRC, PBET, IVG, DIN, and UBM methods.  

Method Phase Fluid composition pH Soil:Solution 
Ratio 

Duration Reference   

(L− 1)   (h)  

SBRC Gastric 30.03 g glycine 1.5 1:100 1 Drexler and 
Brattin (2007) Intestinal 1.75 g bile, 0.5 g pancreatin 7.0 1:100 4 

PBET Gastric 1.25 g pepsin, 0.5 g malate, 0.5 g citrate, 0.42 mL lactic acid, 0.5 mL acetic acid, 8.77 g NaCl 2.5 1:100 1 Ruby et al. (1996) 
Intestinal 1.75 g bile, 0.5 g pancreatin 7.0 1:100 4 

IVG Gastric 10 pepsin, 8.77 g NaCl 1.8 1:150 1 Rodriguez et al. 
(1999) Intestinal 3.5 g bile, 0.35 g pancreatin 5.5 1:150 1 

DIN Gastric 1 g pepsin, 3 g mucin, 2.9 g NaCl, 0.7 g KCl, 0.27 g KH2PO4 2.0 1:100 2 Juhasz et al. 
(2009) Intestinal 9.0 bile, 9.0 g pancreatin, 0.3 g trypsin, 0.3 g urea, 0.3 g KCl, 0.5 g CaCl2, 0.2 g MgCl2 7.5 1:100 6 

UBM Saliva 0.45 g KCl, 0.44 g NaH2PO4, 0.1 g KSCN, 0.28 g Na2SO4, 0.15 g NaCl,0.1 g urea, 0.15 g 
amylase, 50 mg mucin, 15 mg uric acid, NaOH 

6.5 1:15 0.25 Wragg et al. 
(2011) 

Gastric 1.85 g NaCl, 0.163 g NaH2PO4, 0.41 g KCl, 0.2 g CaCl2, 0.15 g NH4Cl, 0.32 g glucose, 20 mg 
glucuronic acid, 40 mg urea, 165 mg glucosamine hydrochloride, 1.0 g BSA, 3.0 g mucin, 
1.0 g pepsin, HCl 

1.2–1.7 1:37.5 1 

Intestinal Duodenal: 3.5 g NaCl, 2.8 g NaH2PO4, 40 mg KH2PO4, 0.28 g KCl, 25 mg MgCl2, 50 mg urea, 
0.2 g CaCl2, 1.0 g BSA, 3 g pancreatin, 0.5 g lipase 

6.3 1:97.5 4 

Bile: 2.6 g NaCl, 2.9 g NaHCO3, 0.18 g KCl, 0.12 g urea, 0.2 g CaCl2, 1.8 g BSA, 6.0 g Bile, 
HCl  
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Table 2 
Summary of PTE bioaccessibility studies addressing different soil size fractions.  

Method (in vitro) Soil provenance Particle size 
(µm) 

Element (s) Reference 

IVG 8 soil samples, chromated copper arsenate contaminated area < 250 As Girouard and Zagury 
(2009) < 90 

SBRC gastric 29 soil samples: 6 railway corridor soils, 6 mining soils, 10 cattle-dip soils, 
and 7 geogenic soils 

< 2.5 As Smith et al. (2009) 
2.5–10 
10–100 
100–250 

UBM 72 sidewalk dust samples, urban area 0.3–5 Cd, Pb Pelfrêne and Douay 
(2018) 5–50 

50–150 
150–250 
250–1000 
> 1000 

UBM 21 dust samples, urban area < 38 Cu, Fe Patinha et al. (2015) 
38–63 
63–250 

SBRC gastric 10 soil samples, urban area < 2 Cr, Cu, Ni, Pb, Zn Madrid et al. (2008) 
2–10 
10–22 
22–50 
> 50 

SBRC gastric 18 soil samples and 29 road dust, peri-urban area < 2.5 Fe, Mn, Cu, Cd, Cr, Ni, Pb, Sb, Zn Padoan et al. (2017) 
2.5–10 
10–200 
200–2000 

SBRC gastric 33 soil samples, different mining areas < 10 Fe, Mn, Cd, Cr, Cu, Co, Ni, Pb, Zn Padoan et al. 
(2020b) 10–200 

PBET 8 surface soils, highly urbanized area < 2 Cu, Zn, Pb, Ni, Co, Cr, Mn Luo et al. (2011) 
2–10 
10–50 
50–100 
100–280 
280–2000 

PBET 27 soil samples, gold mining area < 45 As Meunier et al. (2011) 
< 150 
< 250 

SBRC gastric Soil samples in urban school and kindergarten from 3 cities < 63 Al, Fe, Mn, Cd, Cr, Cu, Ni, Pb, Zn Ma et al. (2019) 
63–150 
150–250 

SBRC 16 soil samples, including 2 shooting ranges sites, 3 incinerator sites, 2 
urban sites, 8 mining sites and 1 gasworks site 

< 50 Pb Juhasz et al. (2011) 
< 100 
< 250 
< 2000 

UBM, PBET, SBET, 
SBRC, IVG 

20 soil samples, urban area < 1 As, Ba, Co, Cr, Mn, Ni, Pb, Zn Li et al. (2020b) 
1–5 
5–50 
50–250 

SBRC gastric 4 reference soils, mining and smelting area < 150 Pb, As Karna et al. (2017) 
< 250 

UBM 2 composite soil dust samples, smelting and mining zone < 2 As, Cd, Cu, Pb, Sb, Sn, Zn Goix et al. (2016) 
2–20 
20–50 
50–200 
200–2000 

UBM 2 soil samples, residential area < 2 Al, As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, 
Zn 

Qin et al. (2016) 
2–63 
63–125 
125–250 

SBRC 5 street dusts and 5 soil samples, urban area < 10 Cu, Pb, Zn Dehghani et al. 
(2018) 10–70 

70–105 
105–250 

IVG 10 soil samples, chromated copper arsenate contaminated area < 20 As, Cu, Cr, Pb, Zn Van der Kallen et al. 
(2020) 20–90 

90–250 
SBRC gastric 30 playground soil samples, urban area < 50; < 150 As, Bi, Cd, Co, Cr, Cu, Fe, Mn, Ni, 

Pb, Sb, Sn, V, Zn 
Hiller et al. (2020) 

SBRC gastric 38 soil samples, gardens < 10 As, Cd, Pb Manjón et al. (2020) 
< 63  
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higher PTE concentrations than coarser ones (Ajmone-Marsan et al., 
2008; Luo et al., 2011). The fact has been attributed to the higher spe
cific surface area, content of clay minerals, organic matter, and Fe, Al, 
and Mn oxides of the fine fraction compared to the coarser ones (Hardy 
and Cornu, 2006; Ajmone-Marsan et al., 2008; Luo et al., 2011; Liu et al., 
2018). All these components present a variety of adsorption sites absent 
in coarser particles, enriched in harder minerals such as quartz, affecting 
thus PTE stability and bioaccessibility. 

Up to now, research groups tested PTE bioaccessibility in different 
soil fractions, depending on the scope of the work, with or without a 
direct comparison between different particle sizes. Thus, the investi
gated particles commonly vary from clays (<2 µm particles) to particles 
of environmental relevance, such as the < 10 µm fraction, which could 
represent a possible source of atmospheric particulate matter (Thorpe 
and Harrison, 2008), up to the < 250 µm fraction. 

In the studies where a single particle size fraction is analyzed, and in 
most of the studies considering a range of sizes, usually the < 250 µm 
size fraction is considered (Wang et al., 2018; Yin et al., 2017). This size 
has been used since the first investigations, and most of the methods 
have been developed against in vivo models using this size fraction. 
However, in recent years, findings demonstrated that fine fractions (e.g. 
< 150 µm or < 63 µm) adhere more easily to children’s hands and, in 
addition, are more likely to be dissolved, increasing their possibilities to 
traverse the gastric mucosa (Ruby and Lowney, 2012; Yutong et al., 
2016). 

In 2016, the US Environmental Protection Agency (USEPA) reviewed 
recent studies on soil adherence to hands, summarizing the relationship 
between particle size and adherence, and endorsing the use of the 
< 150 µm size fraction for human health risk assessment (USEPA 
(United States Environmental Protection Agency), 2016). From a former 
study (Ikegami et al., 2014), emerged that using this fraction would 
allow to consider an average of 98% of particles adhering to children’s 
hands. However, other researchers pointed out that finer particles (e.g. 
< 63 µm or < 100 µm) are more likely transferred into the human body, 
thus the use of a coarser fraction may underestimate the risk of direct 
soil contaminant intakes (Yamamoto et al., 2006; Siciliano et al., 2009). 

3. Elemental bioaccessibility in size fractions 

In most studies, different PTE exhibited different relationships be
tween soil particle size and bioaccessibility, indicating that the influence 
of particle size fraction on oral bioaccessibility is metal(loid)-dependent 
(Ma et al., 2019; Van der Kallen et al., 2020). 

The summary of the different size fractions investigated and in vitro 
methods used in recent studies dealing with PTE bioaccessibility is re
ported in Table 2. 

The reviewed studies used in an equal manner the different methods 
for bioaccessibility estimation (Fig. 2), with a slight preference for the 
more simple and rapid extraction: the gastric phase SBRC (also called 
SBET), which is also the one endorsed from U.S. E.P.A. (USEPA (United 
States Environmental Protection Agency), 2013). 

3.1. Arsenic 

Arsenic is a widely distributed metalloid, occurring in rocks, soil, 
water, and air (Jarup, 2003). However, its concentration in soils may 
rise due to anthropogenic activities (Morin and Calas, 2006). In these 
cases, the exposure to As is a major public concern due to the serious 
risks posed to human health (Yin et al., 2015). 

Previous studies have shown that soil total As concentrations in
crease with decreasing size fraction (Lombi et al., 2000; Smith et al., 
2006), while some researchers also reported that the bioaccessible As 
concentrations increased with decreasing size fraction, due to a higher 
total As content, while the RBA (expressed as bioaccessible % of the total 
content of the element in the fraction) generally increased (Ruby, 2004; 
Girouard and Zagury, 2009). Smith et al. (2009) investigated the bio
accessibility of As in the < 2.5, 2.5–10, 10–100, and 100–250 µm soil 
size fractions in 50 contaminated soils. The results indicated that As was 
evenly distributed across fractions apart the < 2.5 µm fraction, pre
senting elevated As concentrations associated with a marked increase in 
the iron content. Arsenic RBA increased with decreasing particle size 
and varied depending on As origin; anthropogenic sources were more 
bioaccessible than geogenic ones. 

Conversely, Meunier et al. (2010), working on a small number of soil 
samples (n = 9) reported no systematic variation of As bioaccessibility 
within particle size fractions (< 250 µm, < 150 µm, < 45 µm). In a 
successive study, Meunier et al. (2011), found the highest bioaccessible 
As concentrations in soil particles < 45 µm in size due to higher total As 
concentrations, while no systematic variation of RBA was observed be
tween < 250 µm, < 150 µm and < 45 µm particle size fractions. Results 
arising from these studies may be due to the different As speciation in 
the different soils, as a lower As bioaccessibility was associated with 
encapsulated As, whereas the highest As bioaccessibility resulted, ac
cording to the authors, from the presence in soils of pentavalent As in 
amorphous minerals on the surface of the particles or coating the grains 
(Meunier et al., 2011). 

Fig. 2. Summary of studies published in the 2000–2020 period addressing PTE bioaccessibility in different soil size fractions divided according to the used method.  
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3.2. Lead 

Lead is one of the most common environmental pollutants (Weber, 
2014). Its exposure via ingestion and inhalation is a global public health 
hazard, especially for children (< 6 year of age), for whom Pb poisoning 
via hand-to-mouth exposure is of critical concern (Gao et al., 2020). 
Several studies looked at Pb total concentrations in soil size fractions 
and found that Pb concentration increased with decreasing particle size 
(Tawinteung et al., 2005; Weiss et al., 2006; Momani, 2006). 
Conversely, one long-term study, analyzing soils weathered for 70 years 
since the end of the contamination, noticed a decreasing concentration 
trend with decreasing particle size (Bright et al., 2006). 

Among the studies, a lower number focused on the bioaccessibility in 
different particle size fractions. Juhasz et al. (2011) evaluated the in
fluence of soil particle size fractions (Table S1) on Pb bioaccessibility 
and reported that, in 6 out of 16 tested soils, RBA significantly increased 
with decreasing particle size. Pelfrêne and Douay (2018) also found the 
highest RBA in the finest particles (0.3–5 µm) and a decrease when the 
particle size increased (5–50, 50–150, 150–250 µm), suggesting a 
stronger bound of Pb to coarse particles, in agreement with previous 
studies (Luo et al., 2011; Karna et al., 2017; Qin et al., 2016). Other 
studies found contrasting results; Dehghani et al. (2018) found the 
highest Pb bioaccessibility in 10–70 µm soil size fraction rather than the 
finest size fraction (< 10 µm) and Padoan et al. (2017) found an almost 
constant Pb RBA in all size fractions. Lead bioaccessibility vary differ
ently among the size fractions in the different gastrointestinal phases. Yu 
et al. (2006), assessed the relationship among Pb bioaccessibility in 
three particle size fractions (< 75, 75–150, 150–250 µm). Changes in Pb 
RBA as a function of particle size fractions were not significant in the 
gastric phase while they were significant in the intestinal one. The in
testinal bioaccessibility of the < 75 µm size fraction was significantly 
lower than 75–150 µm and 150–250 µm (same for these two size frac
tions), indicating that Pb was dissolved uniformly in the gastric phase 
but it can be quickly reabsorbed onto the surface of smaller particles 
after the addition of the artificial intestinal juice. 

3.3. Cadmium and copper 

Cadmium, one of the most toxic PTE, is an element naturally 
occurring in soils, with high background values in many regions. 
However, most of the anthropogenic emissions are due to mining and 
smelting, together with irrigation with sewage waters, phosphate fer
tilizers and other agricultural amendments, which essentially make Cd 
as a worldwide contaminant of soils (Ajmone-Marsan and Biasioli, 2010; 
Alloway, 2013). 

Due to its low concentrations, Cd bioaccessibility has been mostly 
studied on bulk soil, while when it was assessed in different particle size 
fractions, its concentration decreased below the detection limit, for 
example in Padoan et al. (2017). 

Most of the selected studies found that the RBA of Cd-containing 
particles was high in coarse sized particles (Goix et al., 2016; Qin 
et al., 2016; Ma et al., 2019), but, in some samples, Goix and Pelfrêne 
and Douay et al. (2016, 2018) found the highest RBA in the finest 
studied fractions. These differences between Cd RBA in the studies were 
most probably due to the different chemical speciation of Cd in the 
diverse soils and sampling areas (such as its adsorption onto clay min
erals, oxides, its presence as a constituent of minerals or as a copreci
pitate onto the surface of particles), thus to the different sources of soil 
contamination, as industrial sources such as batteries production, 
coating and plating, or agricultural ones. 

Copper is also a widespread contaminant, mostly released by in
dustrial and manufacturing activities together with traffic (Hu et al., 
2020). Some researchers have found that total Cu concentration tends to 
be higher in finer fractions than in coarser ones (Ajmone-Marsan et al., 
2008; Acosta et al., 2009; Li et al., 2014), and smaller particles are likely 
more ingestible than coarser ones. Recently, several researchers 

determined Cu bioaccessibility in different particle sizes. Ma et al. 
(2019) observed a lower RBA in the fine particles (< 63 and 150 µm) 
than in coarser ones (150–250 and 250–2000 µm), which has been 
associated with high Cu affinity to organic matter, more present in fine 
soil fractions such as silt and clay (Kadhum et al., 2017). Differently, 
Dehghani et al. (2018) tested Cu bioaccessibility in different size frac
tions (Table 2), finding higher RBA in the finest one (< 10 µm). 

3.4. Other PTE 

Ma et al. (2019) found that Pb and Zn generally exhibited the highest 
RBA in the coarsest particle sizes (250–2000 µm); contrarily, the highest 
RBA of Ni occurred in the finest sizes (<63 µm). The other studied ele
ments (Cd, Cr and Cu) did not exhibit any obvious relationships with size 
fraction. Li et al. (2020b) evaluated the bioaccessibility of As, Ba, Co, Cr, 
Cu, Mn, Ni, Pb, and Zn in different size fractions (<1, 1–5, 5–50, 
50–250 µm). The results showed that elemental RBA in finer particles 
was higher than in larger ones and that RBA in bulk soil was mostly 
correlated to soil properties whereas in fine fractions was possibly 
associated to the diverse pollution sources and their chemical forms. 
Goix et al. (2016) considered soils contaminated from smelting and 
mining activities. In the smelting area, all elements exhibited the same 
pattern, with a diminution of RBA when particles diameter decreased 
from 200 to 2 µm and an increase in the finest fraction (2–20 µm). 
Arsenic, Cd, Pb, Sb and Sn showed the maximum RBA in the 50–200 µm 
fraction, whereas Cu and Zn were more bioaccessible in the finest 
fraction. In the mining area, the minimum RBA of all the metals was 
found for 20–50 µm particles while the highest in 2–20 µm and < 2 µm 
fractions. Padoan et al. (2017), examining urban soils, pointed out that 
the RBA of Fe, Mn, Cr, Ni and Zn increased in the fine fractions (< 2.5 
and 2.5–10 µm), with significantly higher values at traffic than at 
background sites, consistently with the idea of a lithogenic origin of the 
larger particles and a more anthropic, and bioaccessible, input of fine 
particles for these metals. Conversely, Cu, Pb, Sb, and Zn seem to have 
almost constant RBA in all size fractions. 

Also, Qin et al. (2016) found that size had significant effects on the 
RBA of landfill contaminated soils, with a clear trend showing that As, 
Al, Cd, Cr, Cu, Mn, Ni, Pb, and Zn RBA increased with decreasing soil 
particle size, and the < 2 µm soil fraction presented also a higher con
centration of the elements, as compared to coarser soil fractions. 

Hiller et al. (2020), observed significantly higher RBA in < 50 µm 
particles than in < 150 µm for six metals, namely Co, Cu, Pb, Sn, Mn and 
Zn. However, no differences between fractions RBA were found for As, 
Cr, Ni and Cd. This could have been due to multiple factors; the primary 
explanation of the authors was the greater contact area of fine particles 
available for extracting solutions. Nevertheless, some other factors, as 
different physicochemical, geochemical and mineralogical properties 
among the grain sizes, also contribute. The bioaccessibility of Cd, Cr, Cu, 
Pb, Sn, Zn, and Ni showed a positive correlation with the total concen
tration, while As, Sb and Mn bioaccessibility was negatively correlated 
with Fe oxides. Correlation results also indicated a negative correlation 
between As, Co, Cr, Mn, Pb and Ni bioaccessibility and clay and silt 
contents and a weak positive correlation of As, Cd, Cu, Pb and Zn with 
TOC. 

4. Discussion and health risk assessment 

Generally, PTE contaminated soils can directly harm humans via oral 
ingestion, inhalation and dermal contact and people exposure to 
polluted soils may lead to serious health problems. In most cases, health 
risk assessment has been based on total concentration of PTE. However, 
not all PTE in soils are available to absorption (Huang et al., 2018; Han 
et al., 2020) and the use of total contents would somewhat overestimate 
the risk comparing with the use of bioaccessible contents. 

The presented results highlighted differences in PTE distribution 
among different soil particle sizes, in bioaccessible concentrations and in 
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RBA between the various PTE and sources of contamination. 
Fine soil particles generally contained higher amounts of PTE, as 

previously reported, thus they contained, giving the same RBA between 
fine and coarser particles, higher bioaccessible amounts of elements, 
increasing the health risk associated to fine fraction. 

Until now, we found only one article reporting the PTE bio
accessibility of nano-sized particles in soils. Dang et al. (2018) showed 
that the bioaccessibility of silver nanoparticles (0.5–10.9%), was 
significantly lower than that of AgNO3 particles (4.7–14.4%), as a result 
of the lower adsorption of nanoparticles to soil residues during the 
digestion process. Conversely, many studies investigated the bio
accessibility of PTE in different nanoparticles, such as Niu et al. (2010) 
on nanoparticles in atmospheric particulate matter. The results 
emphasized a general trend of bioaccessibility increase from coarse 
(1000–10000 nm) to fine (100–1000 nm) and nano (57–100 nm) frac
tions. Bohmert et al. (2014), described that nanoparticles can reach the 
intestinal epithelial cells after ingestion with only a slight reduction in 
their cytotoxic potential. Therefore, further studies should start to also 
investigate soil nanoparticles and their related health risks. 

Although the number or studies is still limited, PTE relative bio
accessibility seemed to be more related to the source, and to the 
chemico-physical form of the PTE emitted from the source, than to 
specific soil parameters. 

For diffuse sources, such as Pb in urban soils or PTE from smelting 
activities and in landfill soils, clay fraction (< 2 µm) had a higher RBA 
for most of the elements, due to the higher amount of adsorption sites, 
organic matter or oxides, accumulating PTE in a more reactive form, 
thus in a more bioaccessible form. In the case of point or natural 
contamination, the size of the particles concentrated in PTE depended 
strongly on the source. 

Very few investigations compiled a risk assessment study using data 
from different particle sizes, allowing a comparison of the calculated 
risks. This is very important, as the choice of an incorrect size would 
underestimate or overestimate the risk. Li et al. (2020b) recommended 
to qualify the exposure risk from PTE using the fraction < 1 µm, the most 
toxic one in the case of the article. With the same idea, Goix et al. (2016) 
recommended to sieve dust/soil samples at < 50 µm before analysis to 
limit risk underestimation. Ma et al. (2019) used < 150 µm and 
< 250 µm size fractions for bioaccessibility estimation, concluding that 
their use could result in an underestimation of the carcinogenic risk, 
while the use of the< 63 µm fraction yielded carcinogenic risks close to 
the results obtained including detailed calculations of the proportions of 
particle sizes that adhere to hands. However, the use of such a small size 
would alter the results in case of contamination due to the addition of 
coarser particles, as, for example, in the case of soils in mining areas 
were very coarse debris could be added to nearby soils (Mehta et al., 
2020). 

The choice of the optimal size of particles for the bioavailability 
estimation and risk assessment is thus greatly dependent on the 
contamination source, but the < 150 µm size is generally a good 
compromise between easiness of sample preparation, as only a dry 
sieving is needed, and trustworthy and conservative bioaccessibility 
results. 

5. Conclusions 

The quest for a more accurate definition of PTE bioaccessibility has 
led to a plethora of methods and procedures for different elements and 
particle sizes. In fact, there is growing evidence that there is a strong 
relationship between PTE bioaccessibility and soil particle size. A gen
eral trend of higher PTE bioaccessibility in finer fraction was found, 
which is related to total concentration, element chemical form, and 
anthropogenic influence. However, it does not mean that the highest 
PTE bioaccessibility is always found in the finest size fraction due to the 
considerable variation in the distribution of pollutants across soils; also, 
different elements may exhibit different relationships between 

bioaccessibility and soil particles. Nevertheless, remediation of 
contaminated soils requires an assessment of the risk to human health 
and the environment and that should be based on more and more ac
curate measurement of the actual threat posed by PTE. Consensus 
should be sought towards a measure of bioaccessibility that is rapid and 
convenient. 
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