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Abstract

Potentially toxic elements (PTEs) in urban soil environments pose a noticeable risk to both ecosystem and
human health; however, only a fraction of the elemental content is available for biota. To better know the
potential risk of PTEs in the urban soil environment, geochemical fractionation, bioaccessibility, and potential
bioavailability of four PTEs (Cd, Cu, Pb, and Zn) were investigated by the combined use of different methods.
The results showed that a high non-residual chemical fraction is related to a high bioavailability of the
selected elements. The ranges of labile concentration of Cu, Zn, Cd and Pb in all sampling sites measured by
diffusive gradients in thin films (DGT) were 3.5-18.0, 14.2-26.5, 0.09-1.0, and 1.8-15.7 pg/L, respectively. The
high non-residual contents pointed out a serious hazard to the urban environment. The bioaccessible
concentrations in gastric and lung phases were closely positively correlated with DGT-measured content
(r=0.63-0.99, p<0.05), suggesting the potential use of DGT for the prediction of PTEs risk to human health.
Moreover, the correlation of DGT results with the soluble and reducible fractions of PTEs may allow DGT use
for quick screenings of the PTEs fraction potentially mobilizable during flooding events in urban soil
environments. Our study suggests that combing DGT, bioaccessibility and biogeochemical fractionation could
provide a more accurate assessment of the urban environmental quality and be helpful for pollution control

and urban planning.

Keywords: Potentially Toxic Elements, Bioaccessibility, Diffusive Gradients in Thin films, Bioavailability

1.Introduction

In the last decades, the rapid industrialization and expansion of urban areas led to the dispersal of numerous
metals and metalloids, commonly referred to as potentially toxic elements (PTEs). In the urban environment,
the soil, generally regarded as a sink of pollutants from different anthropogenic activities, has been
contaminated to varying degrees and PTEs are among the most hazardous pollutants due to their non-

degradability, persistency, and high toxicity (Frohne et al., 2014; Padoan et al., 2020a).
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Review studies of the available data showed that many cities around the world are contaminated by PTEs
(Ajmone-Marsan and Biasioli, 2010; Yu et al., 2012) as they tend to accumulate in soils. In urban environments,
where soils are the recipients of large amount of pollutants from a variety of sources, such as industrial
wastes and vehicle emissions, this may lead to the deterioration of the soil ecosystem, threaten human
health, and cause other environmental problems (Li et al., 2021; Qing et al., 2015). Therefore, it is particularly

significant to monitor the presence and health risk of PTEs in urban environment, especially in industrial cities.

It is well known that the toxicity and bioaccumulation of PTEs are primarily related to their bioavailable
fraction, the portion of elements that actually enters a receptor and cause effect on the organism (Naidu et
al., 2008), rather than their total concentration (Paustenbach et al., 2000; Padoan et al., 2017; Han et al.,
2020). Recent research has shown that the mobility of PTEs in soils are inextricably associated with their
geochemical fractionation (Khadhar et al., 2020; Kim et al., 2014). Thus, this study is essential to understand
PTEs mobility, bioavailability, and potential threats to the urban soil environment. To address this, sequential
extraction methods (e.g., the three-step BCR; Rauret et al., 1999) had been widely used to determine the
chemical speciation of different soil elements and their potential mobility. In addition, in an attempt to better
characterize the reactivity of PTEs, a variety of in vitro methods have been developed to assess PTEs
bioaccessibility in soils, which is the portion dissolving in a biological fluid, hardly determined by the BCR.
These techniques include the physiologically based extraction test (PBET) (Ruby et al., 1996) for oral
gastrointestinal bioaccessibility and the modified Gamble’s solution (Wragg and Klinck, 2007) for lung

bioaccessibility.

To complement these methods, the performance of the in situ technique of diffusive gradients in thin films
(DGT) to predict elements bioavailability has been investigated in response to the increasing need to consider
contaminant bioavailability in soil quality studies and risk assessments (Davison and Zhang, 1994; Sun et al.,
2021). Numerous studies have reported that DGT measurement provides a reliable estimate of PTEs uptake
by plants (e.g. Tandy et al., 2011; Wen et al.,, 2020) and, in addition, DGT might also serve in PTEs
bioaccessibility studies (Camusso and Gasparella, 2006; Zhang and Davison, 2015). For instance, the results
from Bade et al. (2012) showed that DGT measurement can predict Pb, Cu, and Zn bioavailability to
earthworms in industrial-contaminated soils. Roulier et al. (2010) also found a significant correlation (r?=0.89)
between DGT-measured and total concentrations of Cu and Pb in Chironomus riparius in freshwater
sediments. Further, the application of DGT to assess the bioavailability and potential human health risk in
soils has received great attention, and it has been revealed that DGT technique is effective in prediction of
the PTEs bioavailability in contaminated soils and sediments (Bade et al., 2012; Ren et al., 2015). More
recently, the human health risk due to PTEs in urban park soils has been assessed by using the DGT method
(Sun et al., 2021) while no studies addressed a range of urban soils contaminated from different anthropic

activities.
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Turin is the second-largest metropolitan area in north Italy and has a long industrialization history. This has
led to heavy pollution of its soils (Biasioli et al., 2006; Li et al., 2021). PTEs contamination in urban areas may
arise from point or diffuse sources and has specific characteristics, such as marked spatial variability, the
coexistence of different contaminants and possible inclusion of anthropic materials, leading to changes of
the soil physical and chemical characteristics (Biasioli et al., 2007; Ajmone-Marsan et al., 2019). Given the
complexity of urban soil properties, the widespread PTEs presence in the urban environment and the
proximity of people to urban soils, a knowledge of PTEs mobility and bioavailability is an important aspect of
environmental evaluation. In this study, we combined BCR, in vitro oral and lung bioaccessibility, and DGT
methods to: i) examine the geochemical fractionations, mobility, bioaccessibility and potential bioavailability
for PTEs; and ii) explore the correlation for different methods to predict the bioavailability of PTEs in urban

soils.

2. Materials and methods

2.1 Soil samples selection and characterization

Eight urban soil samples were selected from the sample dataset of a previous investigation in the wider Turin
area (Fig. S1 in the supplementary material, SM), whose goal was to assess the health risk due to PTEs in the
urban and peri-urban area (Li et al., 2021). The soil samples were selected along a North-South directory, as
the city has spread along this directory in the last 150 years; sampling areas were located within the main
historical industrial areas of the city, some of them are now residential areas. The criterion for sample
selection was the presence of PTE total concentration higher than the legislative limit (Table 1). Samples were
taken in spring 2020 at a 0—10 cm depth and a composite soil sample at each site was obtained by mixing
and homogenize three sub-samples taken 1 m away from each other. The collected samples were put in

plastic bags, air dried at room temperature and sieved through a 2 mm plastic before further analyses.

The pH of soil samples was measured in 1:2.5 soil/water suspensions; total carbon (TC)and nitrogen (TN)
were measured by an element analyser (CE Instruments, NA2100 Elemental Analyzer, ISO 10694), carbonates
were analysed by the volumetric method (ISO 10693). Particle size distribution and fraction below 10 um
were measured and collected via the hydrometer method (Padoan et al., 2017). Pseudo-total PTE were
measured according to Ajmone-Marsan et al. (2019) using aqua regia microwave digestion and then
determined by inductively coupled plasma mass spectrometry (ICP-MS, PerkinElmer NexION® 350D).
Complete details on samples collection, and analytical methods are reported in the previous study (Li et al.,

2021).

A summary of PTEs concentration and physicochemical properties for the selected samples is presented in

Table 1.
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2.2 BCR extraction

Selective sequential extraction was conducted on soil samples according to the modified BCR procedure
(Community Bureau of Reference; Rauret et al., 1999). In brief, PTEs were divided in four fractions through

sequential extractions:

e Exchangeable, acid and water-soluble (F1, acetic acid extraction, 40 ml of 0.11 mol/L acetic acid
solution);

e Reducible (F2, 40 ml of 0.5 mol/L hydroxylamine hydrochloride solution at pH 1.5);

e QOxidisable (F3, 10 ml of 30% w/v H,0, twice then 50 ml of 1 M ammonium acetate at pH 2);

e Residual (F4, microwave digestion with aqua regia).

All the extracted solutions were centrifuged (3000 rpm, 15 min), filtered through cellulose filter (Whatman
N°4), and analyzed by ICP-MS (PerkinEImer NexION® 350D). Before and after each extraction step, samples
were weighed, as in case of a soil loss the result is an underestimation of the elemental contents in the

subsequent steps (Padoan et al., 2020b).

2.3 In vitro gastrointestinal and pulmonary bioaccessibility

Gastrointestinal bioaccessibility of PTEs in soil samples was determined using the physiologically based
extraction test (PBET) (chemical composition and quantities are reported in the SM, Table S1) (Ruby et al.,
1996) on the < 250 um fraction, chosen in view of its likely representation of the soil particles that would be
adhere to children’s hands (Ruby and Lowney, 2012). In brief, 0.3 g of soil were weighted in 50 mL
polypropylene conical centrifuge tubes, then mixed with 30 mL of the gastric extraction fluids. The solution
pH was adjusted to 2.5 using concentrated HCI and the tubes shaken in a orbital shaker at 37°C for 1 hour.
After the gastric extraction, the suspension was centrifuged at 3000 rpm for 15 min and the supernatant was
filtered through a 0.45 pm membrane filter. Following the differences between the gastric and the intestinal
phases, the simulated intestinal pH was adjusted to 7 using solid NaHCOs and bile and pancreatin were added

to the extracting solution. After 4 h of agitation at 37°C, the soil slurry was centrifuged and filtered as before.

Lung bioaccessibility determination was performed using the optimized Gamble solution (chemical
composition reported in Table S1) on the <10 um fraction of the soils (Li et al., 2021) as this is the fraction
potentially resuspendable through mechanical processes as erosion or during anthropic activities (Padoan et
al., 2021). The fraction was obtained by repeated wet sedimentation and decanting according to the pipette
method as in Ajmone-Marsan et al. (2008) (more details are reported in the SM). The <10 um samples (0.3 g)
were weighted and mixed with the Gamble solution at a solid:solution ratio of 1:1000. The mixture was
shaken at 37 °C for 24h, then centrifuged and filtered as above. All the samples were stored at 4 °C before

analysis.
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PTEs bioaccessibility was calculated as a percent of the aqua regia content in the considered soil fraction.
2.4 DGT deployment and measurement

The DGT device (ZrO-Chelex, EasySensor Ltd) is composed of a filter membrane (0.80 mm thick), a diffusive
gel (0.80 mm thick) and a binding gel (0.40 mm thick). The DGT was deployed in accordance with the
procedure described by Wang et al. (2017) and by Gu et al. (2020). Details of deployment and measurement

procedures, including calculations, are provided in the SM.
2.5 Quality control and quality assurance

All extracting solutions were freshly prepared daily, all the extractions were carried out in duplicate including
blanks; certified reference materials (CRM 141R) were included in the study. Relative standard deviations

based on the mean values obtained for each replicate were accepted if lower than 5%.
2.6 Statistical analysis

Statistical analysis was performed using SPSS 20.0 software (IBM, U.S.), and plotting using Origin 2021
software (OriginLab Inc., U.S.). The correlations between DGT-measurement, BCR-fractions, soil properties
and bioaccessibility in this study were evaluated using Pearson correlation analysis, with a significance level

at p<0.05or p<0.01.

3. Results and discussion

3.1 Soil PTEs total and DGT-labile concentration

The physicochemical properties of soil samples and their total PTEs concentrations are presented in Table 1.
Soil pH was neutral to alkaline, which may derive from historical inclusion in the soil of extraneous materials,
such as concrete (Biasioli et al., 2006). Soil samples were rich in sand, with the content ranging from 52.3%
to 84.7%. The total concentrations of PTEs in all 8 samples were 84-258 mg/kg (Cu), 179-551 mg/kg (Zn), 0.6-
7.9 mg/kg (Cd), and 130-1174 mg/kg (Pb). In comparison with the current Italian legislative limits (MATTM,
2006), part or all the elements in the soil samples exceeded the guidelines for residential and green areas,
indicating a serious soil pollution in all the samples. Total organic carbon (TOC) contents were high in all the
samples probably because all the sampled soils were under a tree line or grass-covered (Padoan et al., 2017).
However, the significant correlation between Pb and TOC contents (r=0.73, p<0.05) could point to a carbon
enrichment due to exogenous organic pollutants derived from road traffic in the samples, all sampled in

roadside areas.

The range of the labile-DGT concentrations of Cu, Zn, Cd and Pb in all sampling sites are reported in Figure 1.

Zinc was the element with the highest labile-bioavailable concentrations, with values ranging from 14 to 26
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pg/L, while Cd had the lowest, in accordance with its lower total concentrations. Considering the ratio
between DGT-labile and total PTEs concentration, conversely, Cd had the highest DGT-labile ratio, while Pb
had the lowest. These labile concentrations were, however, substantially higher than values reported in other
studies on urban soils, with, for example, all the samples showed Pb concentrations higher than those
reported by Xu et al. (2019) for Shenzhen (China) soils and by Sun et al. (2021) for park soils in Beijing (China).
As for other elements, like Cd, Cu, and Zn concentrations were higher than those reported for roadside
samples in Melbourne, Australia (De Silva et al., 2020). Our results indicate a high bioavailability of the PTEs
in the urban environment, probably because of the long industrial history of the city, leading to anthropic
PTEs contamination. In urban areas it has been shown that elements from anthropogenic sources are
generally more soluble and bioavailable than natural ones (Padoan et al., 2017; Hernandez-Pelldn et al.,

2018).

Table 1. Physicochemical properties and total concentration of PTEs in soils.

) Soil Texture (%) Total concentration (mg/kg)
Soil pH TOC (%) -
Clay Silt Sand Cu Zn Cd Pb
Al 6.3 4.59+ 3 29 68 94+ 322+ 4.6t 196+
A2 7.8 3.02¢ 5 20 75 81+ 179+ 0.6t 130+
A3 7.6 3.56% 3 23 74 116+ 287+ 1.8t 487+
A4 7.3 5.77t 1 17 82 193+ 467+t 2.3 1174+
A5 7.5 2.50+ 6 38 56 89+ 249+ 1.3+ 118+
A6 7.6 3.50+ 5 35 60 112+ 341+ 1.8t 216t
A7 7.4 4.10% 7 41 52 257+ 508+t 7.9 317+
A8 7.6 4.23% 0 15 85 183+ 551+ 3.1+ 1070+
Legislative limit for residential areas ® 120 150 2 100

a: MATTM, 2006
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Figure 1. Labile-DGT measured concentrations (average and standard deviation bar) of PTEs in the urban

soil samples (Cd concentrations have been multiplied x10 to enhance visibility).

3.2 Geochemical fractionation of PTEs

The results of the modified BCR sequential fractionation of Cd, Zn, Cu and Pb in the urban soils are
summarized in Figure 2. The F1 fractions of Cd, Zn, Cu and Pb encompassed the 13-26%, 11-19%, 1-6% and
0.6-6% of the total concentrations, respectively. As the F1 represents the most mobile and potentially
bioavailable fraction of PTEs, Cd and Zn appear to pose a higher risk to the urban soil environment than Cu
and Pb, in agreement with the results from DGT measurements, where Cd and Zn were the elements with

the highest DGT-labile fraction.

The F2 fraction accounted for the 18-41% (Cd), 20-33% (Zn), 31-56% (Cu) and 45-82% (Pb) of total PTEs
concentrations. These relatively high portions indicate that Fe-Mn oxideshave an important influence on PTEs
stability in soils, particularly Pb, an element widespread in urban areas. As oxides are redox sensitive and
could release the metals under reducing conditions, this is an important information in the case of Turin,
lying at the confluence different rivers, where the flooding of some areas is a growing problem due to the

increase of extreme climatic events (Ajmone-Marsan et al., 2019).

The F3 fraction was less important for Cd, Zn and Pb, while not for Cu, due to the affinity of this element for

the soil organic matter, as described also in previous studies in different urban areas of the world (Ajmone-
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Marsan et al., 2019; Mokhtarzadeh et al., 2020). The sum of the non-residual fractions (F1+F2+F3) accounted
for the 38-60% (Cd), 38-62% (Zn), 54-85% (Cu), and 54-88% (Pb). Considering that these fractions are more
mobile and sensitive to changes in the soil environment, they can become potentially bioavailable in
response to human-induced or environmental changes, thereby posing a serious hazard to the urban

environment.
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Figure 2. Geochemical fractions (% of total content) of PTEs in the urban soil samples.

3.3 In vitro bioaccessibility of PTEs

3.3.1 Gastrointestinal bioaccessibility

The PBET method was used to measure the bioaccessibility of PTEs in the gastric and intestinal phases (Figure
3). The average bioaccessible fraction of PTEs in the urban soils decreased in the order Cu (52.9%) > Pb
(39.9%) > Cd (32.8%) > Zn (26.2%) in the gastric phase and Zn (20.2%) > Pb (16.1%) > Cd (10.8%) > Cu (6.7%)
in the intestinal phase. All the elements had a higher bioaccessibility in the gastric than in the intestinal stage,
which is consistent with previous studies (Monneron et al., 2020; Sun et al., 2021). Lead, Cu and Cd displayed
the largest decrease between the two stages, on average. This was expected in view of the higher pH of the
intestinal phase and the consequent lower solubility of the elements (Du et al., 2020; Li et al., 2021). For

example by precipitation as relatively insoluble carbonates, sulphates and phosphates, or due to re-
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adsorption on the particle surface of oxides and clay minerals when they entered into the carbonate enriched
intestinal environment (Liu et al., 2021). Complexation by organic matter as pH rises, leading to insoluble
complexes, may explain the marked decrease of Cu bioaccessibility from the gastric to the intestinal phase.
Candidates for complexants include the bile acid anions chenodeoxycholate and hyodeoxycholate, the
malate ion from malic acid added, and soil organic matter. The addition of bile salt has been looked as a
discriminating factor, as Cu complexes and aggregates have been shown to be more stable than Zn and Cd

ones (Turner and Ip, 2007).

The presence of different PTE sources in industrial urban areas also contribute to the differences in
bioaccessibility. When compared to samples coming from mining or smelting areas, as it has been observed
that, in urban and periurban areas, elements deriving mainly from anthropogenic sources, such as the four
PTE studied, have, generally, a higher bioaccessible fraction than in soils where they derive only from natural

processes (Hernandez-Pellon et al., 2018).
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Figure 3. In vitro gastric and intestinal bioaccessibility of PTEs in urban soil environment.

3.3.2 Lung bioaccessibility

PTEs tend to concentrate in fine soil particles, thus posing potential health risks by directly entering in the

lungs and then possibly in the blood system via inhalation of the resuspension soil particles (Li et al., 2021).
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The soil fraction prone to suspension due to wind or mechanical disturbances, and likely susceptible to enter
the lungs is the <10 um fraction, the so-called thoracic fraction of particulate matter. Total PTEs
concentration in the <10 um particles are reported in Table 2 while bioaccessibility results are shown in Figure

4 as percentage of total PTEs concentration (<10 um).

Determined aqua regia concentrations were higher than ones found in the bulk soils (up to threefold), a
trend also observed in previous studies and due to different phenomenon, such as the increase of sorption
due to the high specific surface of fine particles or the anthropic emission of PTEs associated with fine
particulate matter (Ajmone-Marsan et al., 2008). On overage, the increase was more pronounced for Pb (2.5
times higher) and Zn (2.3) while less for Cu (1.9) and Cd (1.8). Also, it was higher in some of the more

contaminated soils, such as the A3 and the A8, both roadside sites from trafficked avenues.

Table 2. Total concentration of PTEs in < 10 um fraction of soils.

Total concentration (mg/kg)

Soil
Cu Zn cd Pb

Al 146+ 558+ 6.4+ 318+
A2 165+ 432+ 1.2+ 379+
A3 334+ 967+ 4.1+ 1554+
Ad 319+ 1099+ 3.8+ 2980+
A5 153+ 426+ 2.1+ 296+
A6 177+ 571+ 2.4+ 422+
A7 391+ 850+ 11.8+ 631+
A8 465+ 1720+ 7.2+ 3426+

Bioaccessibility in the <10 um fraction varied between the different elements (Figure 4). Lead, Cu and Cd had
a relatively high bioaccessible fraction on average (more than the 40% of the aqua regia measured content)
while Zn displayed lower values (with an average 21%). This might be the result of the geological origin of the
elements as well as some other anthropogenic effects. For instance, Pb in industrial regions is typically in the
form of low-solubility components, such as PbS or PbSO4, when compared to residential areas (Huang et al.,
2018), Cd oxide and Cd chloride are easily dissolved in the lung phase, while Cd sulphide not (Pelfréne and
Douay, 2018). In addition, the presence of cysteine in the simulated lung solution provides thiol groups that
strongly coordinate with Cu and Pb, could also led to the relatively high bioaccessibility of Cu and Pb (Li et al.,
2021). Contrarily, Zn solubility is less controlled from organic matter presence, while pH is the dominant

factor affecting Zn solubility, greatly decreased at lungs pH (Alloway, 2013).



253  The lung bioaccessibility in this study is relatively higher than what has been reported by other authors
254  (Drohota et al., 2018; Huang et al., 2014) and suggesting a higher risk in the urban soil environment. In
255 particular, PTEs associated with fine soil fraction would have a higher bioaccessibility when absorbed into

256  alveolar-interstitial region during human breathing (Guney et al., 2016; Li et al., 2021).
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258 Figure 4. In vitro lung bioaccessibility (% of the total content in the < 10 um fraction) of PTEs in the urban

259 soil samples.
260
261 3.4 Relationship between different measurements and soil properties

262 In the last years, DGT-measured concentrations have been used to predict PTEs bioavailability based on the
263 comparison of DGT results with animal models or some specific extractions (Liu et al., 2019; Menegario et al.,
264  2017). To better understand the mechanisms of different bioavailability assessment methods, we further
265  explored the relationship between DGT-extractable PTEs, bioaccessible concentration and BCR fractions
266  (Figure 5). As DGT procedure more accurately reflect the mobility and bioavailability of PTEs when compared
267  to allosteric measurements, it has been proposed that the labile fractions of PTEs detected by DGT can be
268 absorbed by organisms, realistically reflecting PTEs risk to humans (Sun et al., 2019). Therefore, a correlation
269 analysis was performed to investigate the relationship between the concentration of PTEs in the different
270 fractions of soils, the bioaccessible concentration, and the amount of the PTEs accumulated in the DGT (Bade

271 et al., 2012).
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3.4.1 DGT and bioaccessible concentration

The application of the DGT approach to predict bioavailability and toxicity relies on the assumption that labile
components of PTEs are able to pass through cell membranes and hence be detrimental to different
organisms (Davison et al.,, 2016; Guan et al.,, 2021). In our study, all the elemental concentrations
accumulated in the DGT were positively correlated with the bioaccessible concentration in gastric and lung
phases (r=0.63-0.99, p<0.05), while only Pb-DGT values were positively correlated with the intestinal phase
concentrations. Similarly, Bade et al. (2012) found that the bioavailable concentration of Pb, Cu, and Zn
estimated by DGT were correlated with the concentrations in earthworms, as well as with the gastric and
intestinal concentrations estimated by PBET (r>0.65, p<0.05). Also, Ren et al. (2015) reported Zn, Ni, and Cd
concentrations measured by DGT as positively correlated with the concentration extracted by PBET in the
gastric and intestinal phases (r>0.68, p<0.01). Conversely, Sun et al. (2021), working on Pb bioaccessibility in
urban soils, and Liu et al. (2021), investigating the bioavailability of Cr, Cu, Zn, Cd, and Pb in sediments,
reported no significant correlations between DGT measurements and PBET bioaccessibility. The different
results of the cited studies could be attributed to the fundamental difference in the measurement
mechanism between DGT and bioaccessibility methods. DGT relies on a dynamic diffusion process over the

time of the deployment (24h) whereas PBET is an exhaustive extraction (Liu et al., 2021).

These results indicate that the DGT technique can be a tool to predict the potential bioavailability of PTEs in
urban soils and could be a good indicator of the potential risk of soil contamination to humans, being

moreover a much simpler method compared with both in vivo and in vitro techniques.

3.4.2 DGT and BCR

Despite its drawbacks, such as partial dissolution of a given soil fraction due to reabsorption and
reprecipitation, as well as dissolving of non-target phases, sequential extraction has been routinely employed
to evaluate the mobility and potential bioavailability of PTEs (Li et al., 2015; Mokhtarzadeh et al., 2020). In
this study, a positive correlation between DGT-measured content and the potential bioavailable fractions
determined by BCR (F1+F2+F3) was observed for all the elements (Figure 5). Lead and Cu were the elements
where the correlation was stronger (r>0.95, p<0.01) and especially with the readily exchangeable or weakly
acid soluble fraction (F1) and the reducible fraction in the soil (F2). The correlation between the sum of the
first two fractions and DGT-measured values was also very significant, ranging between 0.86 (for Cd) and 0.99
(for Pb). These forms are the ones easily captured by DGT due to their mobility in a wet soil, as requested

from the DGT measurement method.

The correspondence between the first fractions of sequential extractions and the metals measured using
DGT agreed with results reported in earlier works on sediments (Ren et al., 2015; Roulier et al., 2010; Yin et

al., 2014). The authors suggested that the metals extracted in the BCR fractions were likely the main source



305
306
307
308
309

310

311
312
313

314
315
316
317
318
319
320
321
322
323
324
325

326

327

328
329
330
331
332
333
334
335

336

of labile DGT uptake, with the fractions easily exchangeable, specifically sorbed to oxides or weakly bound to
labile organic matter participating to the flux of resupply to the porewater that is available for DGT. This was
happening in a reducing environment and thus, although the small number of samples studied in this work,
we could hypothesize the use of DGT as a simple, effective, and reliable predictor of the PTE release as sum

of soluble and reducible fractions from urban wet soils or under reducing conditions (e.g. occasional flooding).

3.4.3 Bioaccessibility and BCR

Some studies reported that PTEs chemical speciation is strongly associated with their bioaccessibility (Chi et
al., 2020; Li et al., 2022) as the first three fractions have a greater potential to mobilize from soils and become

bioavailable when the boundary condition change, as in the case of ingestion or inhalation.

Here, the bioaccessible concentrations in gastric and lung phases had a strong positive correlation with F1
and F2 (r>0.84, p<0.01) (Figure 5), while the intestinal phase not (except for Pb). These findings further
suggest that weakly-sorbed and Fe/Mn oxides-bound species were easily released in gastric fluids and might
comprehend an important share of the bioaccessible fraction. These results are consistent with other studies
reporting that the exchangeable fraction (F1) significantly contributes to the bioaccessible PTEs (Liu et al.,
2021; Ren et al., 2015; Xie et al., 2019). The reason for the insignificant correlation with the intestinal phase
may be the difference in pH levels, as the BCR (F1+F2) and gastric extractions are acidic while the intestinal
extraction is weekly alkaline (Ren et al., 2015) so they extract different forms of the elements. Li et al. (2020)
made a comparison of the in vivo oral bioavailability with the Tessier sequential extraction and found
exchangeable and carbonate fractions contributing nearly 50% of the bioavailable Pb in two smelting-
contaminated soil, while Fe/Mn fraction accounted for the 76% of the bioavailable Pb in a mining-

contaminated soil, highlighting the importance of the speciation on the bioavailability.

3.4.4 DGT and soil properties

DGT-extractable concentration is also affected by the soil chemical properties (Liu et al., 2019). All the
elements were positively correlated with the total concentration (r>0.84, p<0.01), whereas no correlation
was observed for pH and TOC, similarly to the results of Che et al. (2020) and Xu et al. (2018), possibly because
of the narrow variation range of pH and TOC. Also, no correlation was observed with soil texture (except for
Pb), consistently with Liu et al. (2021). This lack of correlation between DGT measurement and soils
properties may be due to the nature of the DGT technique. Some authors have described DGT as a holistic
approach, thus a technique already including the effects of different soils characteristics in the measurement

(Tian et al., 2008).
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Figure 5. Correlation between DGT extraction, bioaccessible concentration in gastric (G), intestinal (1), lung
phase, BCR fractions and soil properties in urban soil environment. (Red colors represent positive correlation,

blue colors represent negative correlation, relativity increases as size of the circle, * p <0.05, ** p < 0.01).

4. Conclusions

The geochemical fractionation, bioaccessibility, and bioavailability of PTEs in the urban soil environment were
investigated by BCR, PBET, and DGT methods. The PTEs concentrations in almost all the selected soils
exceeded the Italian guidelines for residential areas. The DGT-extracted concentration was also high,
indicating a high bioavailability of the PTEs to plants and potentially the environment. Considering the ratio

between DGT-extracted and total PTEs concentration, Cd was the most mobile elements, while Pb the lesser.

More than the 50% of Cu and Pb were in the non-residual, thus potentially mobilizable, fractions according
to BCR method. The DGT-measured contents of PTEs were highly correlated with the exchangeable and

reducible fractions, indicating DGT as a good predictor for the PTEs release from soils under reducing
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conditions. Further studies are needed but this would be an easy tool to predict metal quantities released

from soils due to intense rain episodes or flooding.

The bioaccessible fraction was higher in the gastric than in the intestinal phase for all metals, with values up
to the 50% of the total content for Cu and lower values for others, in the order Cu>Pb>Cd>Zn, indicating a
serious hazard to the urban population and environment, especially for children due to inadvertent oral
ingestion. The bioaccessible concentrations were closely related to the DGT extraction, suggesting that the

DGT technique could be a tool to predict the potential risk of soil contamination in urban areas.

The fine fraction of the soils, enriched in PTEs up to threefold, was studied by lung bioaccessibility. PTEs had
a relatively high bioaccessibility compared to the literature, evidencing the anthropic origin of the

contaminants.

The significant relationships among DGT-measures, BCR-fractionation, PBET and lung-extraction indicate the
potential use of DGT for the in situ prediction of elements bioaccessibility and bioavailability. Overall, this
study could supply a more accurate assessment of the urban environment quality and be helpful for the
pollution control and urban planning, although more research is needed to in-depth investigate the

mechanisms to predict PTEs.
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