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Abstract

Dust is the most pervasive material affecting human health. Metal exposure to humans from dust is best assessed by bioac-
cessibility tests, which can be done by mimicking the conditions in the human digestive system. This review covers the works
on metal bioaccessibility in dust and soil. Here, articles discussing research in this field and their bibliometric outputs have
been reviewed. The Web of Science Core Collection Database was explored to collect the data, and bibliometric network
analysis was performed using VOSviewer software. Research articles have broadly covered bioaccessibility and risks in
urban/coking/smelting/mining plants, waste recycling, transport in vegetables, size distribution, chemical forms, daily intake,
speciation, and the influence of matrix composition particle size, and source characterization. The different methods adopted
for metal extraction studies have been discussed. Few of the significant findings were: the highest number of publications
were observed in the year 2014; soil is the most studied matrix; China has maximum publications; metal immobilization
is a vital technique to control metal leaching in the environment and manage metal exposures to humans. The most critical
knowledge gaps identified are the standardization of metal extraction procedures and the formulation of realistic models
for estimating metal exposure and their bioaccessibility. None of the studies have reported metal bioaccessibility from the
perspective of non-invasive human bio monitors like hair or nail. More solution-oriented research would be required to curb
the consequences of higher metal bioaccessibility, especially in the vulnerable classes (children/aged/ailing individuals).
Further, the paper discusses different control measures, like dust wetting or metal immobilization.
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Introduction
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! ) Around the world, many studies have evaluated metals in
tbhattacharya@bitmesra.ac.in

urban soil and dust environments. Several types of research
determined the metals in the dirt, dust, and particulates in
different urban environments (Valdez Cerda et al. 2011;
Abhishek Kumar _ Filippelli et al. 2012; Kumar et al. 2013; Maliki et al. 2015).
abhishekkumar1205 @ gmail.com . . . .

Since long, most of these kind of studies were done in devel-
oped countries with substantial industrial setups. All the
reported studies indicated metal characterization in the street
and indoor dust to be crucial for identifying their sources
and distribution. This has helped in attaining accurate health
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cadmium, zinc, copper, and lead in soil matrices are indi-
cators of contamination of those metals which are emitted
from an array of various sources such as brakes and tyres, oil
lubricants, gasoline, automobile exhaust, waste incinerators,
land disposal of wastes, wet or dry atmospheric deposits
and industrial processes (Banerjee 2003). The mobility and
availability of elements determine dust exposure's envi-
ronmental and human health effects. Detailed information
regarding their origin, mode of occurrence, physicochemical
and biological availability, mobilization, and transport can
only be determined by sequential extraction (Valdez Cerda
etal. 2011).

Ingestion, inhalation, and dermal contact are the major
pathways for human exposure (Acosta et al. 2014; Kumar
et al. 2021). Contaminated dust can be ingested directly
by children playing in grounds and grazing animals. Once
ingested, they are primarily retained in the body and excreted
in small proportions (Zhang et al. 2020). The accumula-
tion of heavy metals in different tissues and organs (Zheng
et al. 2010) leads to many diseases (Faiz et al. 2009). Both
the frequency and time duration of intake of these metals,
determine the severity of its health risks. Specially, chil-
dren below 8 years, are more vulnerable to the risks caused
by metal exposure, due to their increased hand-to-mouth
activity. Metals have varying acute and chronic effects on
exposure to humans. Pb and Hg are known to affect the nerv-
ous system, gastrointestinal system and reproductive system
adversely (Mashyanov et al. 2017; Pratush et al. 2018; V6168
et al. 2018). Cd, Cu and Cr can affect the intestinal, circu-
latory and pulmonary systems (Izah et al. 2016; Nordberg
et al. 2018), while Zn, Ni and As can damage the heart, liver
and DNA (Xu et al. 2017; Sanchez et al. 2018; Stefanowicz
et al. 2020).

Permissible limits and control actions are mostly limited
to the total metal levels in the environment. Total metal
concentrations in pollutants cannot determine their poten-
tial hazards entirely, as they do not consider their bioac-
cessibility and bioavailability. Hence, sequential extraction
methods such as Simplified Bioaccessibility Extraction Test
(SBET) and Physiologically Based Extraction Test (PBET)
are adopted to assess their mobility.

Only a few forms of metallic contaminants in soil are
accessible to humans through skin absorption or respira-
tory and gastrointestinal tracts (Pelfréne et al. 2012).
Metal bioaccessibilities are always represented in the
percentage of the total metal concentrations. Bioaccessi-
ble metals cause hazards to health, rather than only risks.
Metal bioaccessibility is a hazard metric that produces the
risk assessment when used within a contaminated land
model. Bioaccessibility tests best assess metal exposure
to humans from dust and soil. It can be done by mim-
icking the conditions in the human digestive systems and
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then measuring the concentration of the metal mobilized
to the aqueous phase (Turner 2011). The metal extraction
procedures widely used in different studies have been dis-
cussed in detail in this review. Among all these methods,
the Simplified Bioaccessibility Extraction Test (SBET) has
been used widely to study themobility and bioavailability
of metal contaminated soil (Basta and McGowen 2004).
As SBET simulates the mobilization of any substance only
in the gastric phase, it overestimates the bioaccessibility
results due to the lower pH (Li et al. 2018a; Vasques et al.
2020), where metals remain in their ionic forms.

While SBET is a single extraction procedure that only
evaluates the bioaccessible metal portions from the stom-
ach, the PBET simulates gastric effects followed by the
intestinal phase (Odujebe et al. 2016; Huang et al. 2018).
It clearly describes the bioaccessibility in various gastro-
intestinal compartments representing the gastric (stomach)
and intestinal parts. PBET helps in measuring chemical
concentrations that are available for uptake. It assumes that
soil conditions determine any metallic contaminant's solu-
bility and availability in the human body (Pelfréne et al.
2013). The metal availability largely depends on its bind-
ing to reactive soil surfaces. This binding is determined by
processes like redox reactions, sorption and complexation
(Sauvé et al. 2000; Rieuwerts et al. 2006; Rodrigues et al.
2010). These processes are controlled by the variations of
soil properties, clay content, organic matter, pH and metal
oxides (Romkens et al. 2009; Rodrigues et al. 2010). Typi-
cal properties like soil texture, clay mineral type, organic
matter content, Mn, Fe, and Al oxides concentrations, pH,
redox potential, soil saturation, and aeration determine
metals' fractionation. Fractionation of metals, their mobili-
ties, and bioavailabilities are controlled by: (a) adsorp-
tion/desorption reactions by chemical bond formations,
(b) precipitation with anions like carbonates, hydroxides,
sulphates, and phosphates, (c) biological mobilization and
metal immobilization in soil (Seshadri et al. 2017). Food's
fat-soluble vitamins and minerals become more available
for metabolic functions (Santos et al. 2017) from digestive
reactions in PBET. Hence it is expected that the trace ele-
ment contents present in the PBET extracts will be lower
than that by SBET, primarily due to the complexation of
the metal ions. The solubility and bioavailability of heavy
metals decrease gradually with sequential extraction steps.

This review reports literature of different analytical
methods adopted for assessing bioaccessible metals in
dust along with studies on different environmental realms.
Additionally, this work reports an entire bibliometric
study on “metals in dust” using research articles in one
of the well-known scientific databases (Fig. 1). There is a
robust discussion of prevailing conditions and knowledge
gaps around metals in dust and the researcher’s scientific
impacts.
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Fig. 1 Metal sources in different environmental matrices and their exposures and bio accessibilities with the bibliometric trend

An Overview of the Literature on Metal
Bioaccessibility in Dust and Soil

A search was performed on Web of Science (WoS) Core
Collection from Clarivate Analytics on 9" November 2022,
with the keywords metal bioaccessibility in dust OR metal
bioaccessibility in dust OR metal bioaccessibilities in dust
OR metal bioaccessibilities in dust (similar keywords are
separated by “OR” Boolean operator to obtain relevant
results wherein different versions of keywords could have
been used in the publications). The query link was “https://
www.webofscience.com/wos/woscc/summary/107b2220-
0e9e-435-b7e8-06d56beda752-5¢92d38c/relevance/1”. The
first publication was reported in 1994 and only 0-5 publica-
tions were observed till 2009 (Fig. 2a). The number of pub-
lications began increasing from 9 in 2010, 19 in 2014, 34 in
2018 to 54 in 2021. However, the number of publications has
fallen to 19 in 2022 (till 9th of November). An exponential
trend was observed when analyzing the citations received by
these documents: 0-79 till 2010, 333 in 2014, 884 in 2018,
and 2244 in 2021. Several citations (1589) have already been
recorded in 2022. Although research started three decades
ago (1994), an exponential rise in research was seen only
after 2010 with a dramatic increase since 2014 (Fig. 2a).
Among authors, a maximum of 15 publications was
authored by Pat E. Rasmussen (citations-498), followed by
14 by Albert L Juhasz (citations-442) and 10 by Andrew
A. Turner (citations-483). Authors Albert L Juhasz,
Pat E. Rasmussen and Lena Q. Ma showed maximum

collaboration with other authors (link strengths of42,
41, and 37, respectively) (Fig. 2b). The information on
top-cited authors, research areas, and journals is given in
(Table S2). Among countries, China published the maxi-
mum number of documents (116 publications), followed
by the U.S.A., England, Australia, and Canada with 58,
40, 33, and 33 publications, respectively (Fig. 2¢). Chinese
publications also received the maximum citations (4183),
followed by England (1613) and the U.S.A. (1371). How-
ever, the U.S.A. showed the best collaboration network,
followed by China and England (link strengths of 47, 42,
and 31, respectively) (Fig. 2¢). China published the bulk
of the documents in this field, due to its intensive active
scientific programs (like the National Medium and Long-
Term Plan for the Development of Science and Technol-
ogy), rigorous investment in research and development
by the Chinese government (~2.4% of its G.D.P. was
spent on research and development in 2020), and inno-
vation-oriented transformation of China (establishment
of "economic and technological development zones" and
"special economic zones") (Sun and Cao 2021). Among
different publishers, Elsevier published the most docu-
ments (168), followed by Springer Nature (75) and Taylor
& Francis (27), while among the journals, Science of the
Total Environment (54), Environmental Geochemistry
and Health (32), Environmental Pollution (27), Environ-
mental Science and Pollution Research (20), and Che-
mosphere (18) published the most articles (Table S1).
Identifying major journals could help the academicians
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Fig.2 a Evolutionary trend of publications and citations, b biblio-
metric network between authors (minimum two documents), ¢ bib-
liometric network between countries (minimum two documents), and

select impactful journals to evaluate the literature, expand
research ideas, and publish documents. A different trend
for citations, compared to several publications, suggests
that some journals published more relevant documents
(which received a more significant number of citations)
in sources than others. The keyword co-occurrence map
showed that bioaccessibility (221) and heavy metals (121)
were the most frequently used keywords (Fig. 2d). The
heavy metal lead was given the maximum attention by
the research groups apart from metal(loid)s like arsenic,
cadmium, copper, and zinc receiving lesser attention. Dust
samples included those from roads (60), streets (73), and
indoor/in house/household areas (> 100), where analyses
of contamination, bioaccessibility, bioavailability, expo-
sure assessment, and health risk assessment was focussed
upon (as suggested by the keywords). Moreover, source
apportionment and identification, speciation of metals,
and exposure routes was attended to the research groups,
where air pollution and particulate matter was identified
by prime source and children were considered the most
exposed among different age groups (all facts suggested by
the keyword co-occurrence map). Minimal occurrence of
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keywords like nursery schools, playgrounds, agricultural
soils, vegetables, mine areas, mine tailings, smelters, geo-
chemistry, spatial distribution, and fractionation denote
the need to perform relevant research on these relatively
lesser focussed areas. Inorganic pollutants such as cobalt,
chromium, and mercury and organic contaminants like
polyaromatic hydrocarbons could be given larger atten-
tion by the future research groups.

The different analytical procedures followed in sev-
eral literatures, to assess metal bioaccesibilities are given
in Table 1. The different procedures include SBET (8),
PBET (7), SBET & PBET (1), Unified BARGE Method
(UBM =7), Solubility Bioavailability Research Consor-
tium (SBRC) in vitro assay (3), Artificial Lysosomal Fluid
and Gamble’s solution (3), Integrated stochastic-fuzzy
pollution assessment method (ISFPAM = 1), European
Community Bureau of References (BCR =2), Stochastic
Simulation of triangular fuzzy number (SS-TFN=1) and
invitro digestion model (1). Further, the major findings of
metal bioaccessibilities in dust following these procedures,
are given in Table 2. Among this reported literature, stud-
ies were conducted on urban street dusts (9), dusts from
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Table 2 (continued)

Reference

Findings

Reference materials

Rank Topic; sample; location

In vitro digestion model

Walraven et al. (2015); STOTEN

60.7% -79.0% Pb bioaccessibility in soils

40  Factors affecting the oral bioaccessibility of  One reference sample (ISE 921) was added

polluted with Pb bullets and pellets

residues
Pb bioaccessibility correlated with reactive

to each batch of 20 samples to determine

accuracy

anthropogenic Pb; soils; Netherlands

Fe, organic matter and pH
Oral bioaccessible characteristics influence

oral Pb bioaccessibility in soils
Incorporate in vitro bioaccessibility tests for

analyzing human risk assessment

AAQR Aerosol and Air Quality Research, AECT Archives of Environmental Contamination and Toxicology, BECT Bulletin of Environmental Contamination and Toxicology, AG Applied
Geochemistry, EES Ecotoxicology and Environmental Safety, EGAH Environmental Geochemistry and Health, E7 Environment International, EJM European Journal of Mineralogy, EP Envi-

ronmental Pollution, ER Environmental Research, ES&T Environmental Science and Technology, ESPR Environmental Science and Pollution Research, ET &I Environmental Technology and

Innovation, HAZMAT Journal of Hazardous Materials, HERA Human and Ecological Risk Assessment, //ERPH International Journal of Environmental Research and Public Health, I/HEH
International Journal of Hygiene and Environmental Health, JES Journal of Environmental Sciences, JGE Journal of Geochemical Exploration, STOTEN Science of the Total Environment, 7R

Toxin Reviews, WASP Water, Air, and Soil Pollution

Publications

M Review

m Urban street dust

= Mining and smelting area
Soils

u Park dust

u Indoor

mPM2.5

® Windowsill

® Ambient dust

17% 4 ® Sandstorm

Fig.3 Publications based on different matrices (CRM Certified Refer-
ence Material)

mining and smelting areas (7), soils (11), park dusts (2),
indoor dusts (1), windowsill dust (1), ambient dust (1),
sandstorm (1), PM2.5 (1), Certified Reference Material
(1), as given in Fig. 3.

Methods used for Deriving Bioaccessible
Metals

Various procedures have been followed in different works
of literature to derive the bioaccessible metals like the
SBET, PBET, SBRC, UBM, Modified Toy Safety extrac-
tion and Toxicity Characteristics Leaching Procedure
(TCLP), as given in Table 2.

Their evolution has resulted in simplified methods
(e.g., SBET) for cheap and rapid estimations of potentially
harmful elements exposure risk formulation or methods
with greater complexity to better form hazard-risk models.
The SBET method can only determine metals bioaccessi-
bility in the gastric phase, while PBET derives bioacces-
sible metals from both gastric and intestinal phases. There
are also slight alterations in the different procedures used
(differences in the time of mixing, standing time, or time
for centrifugation) for deriving the bioaccessible metals
from either the gastric or intestinal phase. The cheaper
methods used for estimating metal bioaccessibility only
provide a rough estimate like SBET. Although SBET is
both time and cost-effective, it can only assess metals bio-
accessible in the gastric phase. While PBET accurately
differentiates metals in both gastric and intestinal phases
and is cheap but has no regulatory guidance supporting
it. On the other hand, SBRC method can only be used
in lands contaminated with Pb and As. Only the Unified
Bioaccessibility (BARGE) procedure is certified as per
ISO17924 as more accurate and informative, but it is slow
and expensive.

@ Springer
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Bioaccessible Metals in Different Dust
and Soil Matrices

Metal Bioaccessibility in Soil

Heavy metals in soil is of immense concern due to the
rapid urbanisation and industrialisation (Li et al. 2019;
Egbueri et al. 2020). Their sources may vary from natural
to anthropogenic (Wang et al. 2020b). The heavy metals
in soils are derived from transportation, industrial emis-
sions (Hu et al. 2017) and fertilizers, pesticides, fungicides
and wastewater irrigation (Marrugo-Negrete et al. 2017,
Sandeep et al. 2019).

Metal bioaccessibility tests have been performed in
different matrices such as soil, street dust, indoor dust,
airborne particulate matter, vegetables, and human trac-
ers like blood (Ettler et al. 2012). Among them, the soil
was the most studied matrix. In 2012, Ettler studied the
differences in the metal bioaccessibility in soils of Zam-
bian Copperbelt, affected by mining and smelting activi-
ties. Metal bioaccessibilities were higher in smelting
areas compared to the mining areas. Even the topsoils,
indicated higher metal concentrations, due to the dust fall-
out from smelting activities. The SBET method's bioac-
cessibility in smelting areas for As, Pb, Cu, Zn, and Co
were 40%, 73%, 60%, 49%, and 38%, respectively. At the
same time, the corresponding values in mining areas were
12%, 41%, 57%, 45%, and 34%. Severe health risks were
indicated from the high bioaccessibility of Cu (80-83%),
Co (58-65%), and Zn (79-83%). The primary source of
these metals were mine wastes, tailings, smelter stacks,
and chalcanthite.

The differences in the bioaccessibility of metals based
on different size fractions of soil through incidental inges-
tion using SBRC method were studied by Juhasz (Juhasz
et al. 2011). The four different size fractions were: <2 mm,
<250 ym, <100 pym and <50 um. Lead was highly
enriched and bioaccessible in fractions of size < 50 um.
They concluded that considering particle size fractions
of <250 um for incidental ingestion might underestimate
Pb exposure. This is so because even smaller fractions will
have a greater affinity for adhering to palms.

Contaminated areas like mining or smelting are hot-
spots of metal contamination and their bioaccessibility. In
a study on the contaminated soils near the copper smelter
of San Luis Potosi, Mexico, 90% of soil samples had con-
centrations of Pb (400 mg/kg) and As (100 mg/kg) higher
than the recommended guidelines of USEPA (Carrizales
et al. 2006). The primary sources of this pollution were
industries and smelter stacks. PBET method evaluated the
bioaccessibility for As and Pb, which were recorded as
46.5% and 32.5%, respectively. Further, children's blood

@ Springer

lead levels were found above the C.D.C.'s (Centres for
Disease Control) action level of 10 pg/dl in 90% of chil-
dren. Using the Integrated Exposure Uptake Biokinetic
(IEUBK) Model for lead in children, the soil pathway con-
tributed to 87% of total information in blood. Also, the As
exposure dose using Monte Carlo in children of Morales
was above E.P.A.'s reference dose.

Metals can also be bioaccessible from the topsoils of
urban areas. In such a study, Roussel studied the bioacces-
sibility of Zn, Pb and Cd levels of urban topsoils (lawn,
kitchen, garden) from twent-seven locations using the UBM
(Pruvot et al. 2010). The soil samples were from Metaleurop
(M.E.) at Noyelles and Umicore (UM.) at Auby. The average
Zn, Cd,and Pb, concentrations were 15, 984, and 1941 mg/
kg. The sources were mainly anthropogenic, like garden
slag, used as a herbicide, ashes from domestic coal com-
bustion, and dust emissions from Metaleurop Nord. Around
47%, 62% and 68% of Zn, Pb, and Cd were accessible from
the gastrointestinal phase of soils. Metals extracted using
U.B.M. and total metal trace elements were strongly corre-
lated. Physico-chemical parameters like total nitrogen, car-
bonates, clay contents, and pH were also affected by human
bioaccessibility, as per multiple regression analysis. They
concluded that estimating bioaccessible metal concentra-
tions for risk estimations would be more realistic for future
assessment predictions.

Metal concentrations in soils of parks and lawns of
Guangzhou were studied by Gu et al. (2016). The metal
concentrations, bioaccessibility, health risks, and source
identification of metals were studied. Cd had the highest
bioaccessibility of 75.96%. Non-carcinogenic risks were
negligible, but Pb and Cr posed carcinogenic risks, which
were within acceptable levels. Most of the metals originated
from anthropogenic sources, although Fe and Ni had mixed
sources.

In another study, soil mineralogy, oral bioaccessibility,
and risk assessments from land use were studied (Gonzalez-
Grijalva et al. 2019). Traffic paint had higher metal con-
centrations of Cr, Pb, Zn, Ca, quartz, crocoite, kaolinite,
and calcite. The percentages bioaccessibility of Pb metal
in gastric and intestinal phases ranged from 40-51% and
24-70.5%, respectively. Strong correlation of bioaccessi-
ble Pb in the intestinal phase was found with kaolinite. An
interesting finding was the variation of Pb bioaccessibilities
with the change of soil type. The release of Pb from the
gastrointestinal phase was also found to be determined by
the mineralogy of the soil.

Among other studies, health risks and bioaccessibilities
of metals were studied in Jaozuo, China (Liu and Han 2020),
bioaccessibilities of metals from contaminated soils of Paris
(Pruvot et al. 2010), from soils of an abandoned mine site
(Mehta et al. 2020), bioaccessibility of lead in adult and
children from contaminated soils of Australia (Juhasz et al.
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2011). The detailed findings of these studies are given in
Table 2.

Metal Bioaccessibility in Street Dust

Street dust acts as a significant sink of toxic trace metals,
which might have several sources (like industries, domestic
heating, waste incineration, anthropogenic activities, and
vehicles) through local human activities and atmospheric
transport (Trujillo-Gonzalez et al. 2016; Harada et al. 2019;
Cui et al. 2020; Hanfi et al. 2020).

Apart from soils, many authors have also studied the bio-
accessibility of street dust by implementing various meth-
ods. Yu reviewed the bioaccessibility of metals by applying
the SBET and TCLP of metals in Tianjin (Yu et al. 2014).
Ingestion of dust was the primary exposure route, and related
health risks were evident from metals like Cd, Cr, As Pb, and
Cu. With the increased exposure frequency and ingestion
rates, these metals had an increased potential of posing non-
carcinogenic risks in children. The primary sources of these
metals in Tianjin were anthropogenic activities like coal
burning, vehicular emissions, and industrial waste. Future,
bioavailability, and bioaccessibility studies were needed to
estimate risks to the environment and humans appropriately.

The oral bioaccessibility and health risks to humans from
Zn, Mn, Pb, V, Mn, Cd, Fe, Co, Cu, Ni, Hg, Cu and As of
street dust in Nanjing, were studied by Hu et al. (2011). Total
and bioaccessible metals (Simple Bioaccessibility Extrac-
tion Test) were investigated and strongly correlated with pH
and organic matter contents. Only children were exposed to
significant noncarcinogenic risks. Carcinogenic risks were
within permissible limits for adults and children from As
and Cr.

In 2017, Li studied the street dust from different func-
tional areas viz commercial, traffic, educational, residential,
and park areas of Chengdu, China (Li et al. 2017). The pol-
lution sources were mixed here, ranging from erosion and
abrasion of tires, building materials and batteries, fertiliz-
ers, natural and anthropogenic emissions, traffic, domestic,
industry, and tall buildings to high population density and
socio-economic activities.

Padoan incorporated both street and soils to study the
bioaccessibility of metals (Padoan et al. 2017) in Turin,
Italy, following the SBET procedure. Simple Bioaccessibil-
ity Tests were performed to estimate the metal concentra-
tions and assess their bioaccessibility in varying size frac-
tions of street dust and their corresponding soils (< 2.5 um,
2.5-10 pm, 10-200 pum). They found that metal concentra-
tions of metals like Fe, Mn, Cu, Pb, Sb, and Zn were high-
est in the smallest size fraction of <2.5-10 um. Cu, Pb, Sb,
and Zn concentrations in street dust were mainly derived
from non-exhaust sources. In fraction sizes <2.5 um, Zn
was dominant from industrial sources Cu, Pb, Zn and Ni

were dominant in traffic sites. Additionally, bioaccessibility
Ni, Cr, and Fe were greater infractions of size < 2.5 um and
2.5-10 um. Zn was highly bioaccessible in road dust at traffic
conjunctions; the metal concentrations (mg/kg) of different
metals in road dust (cumulatively of all size fractions) were
as:—Fe (15,411-32,323), Mn (343-843), Cu (180-333), Cd
(1-2), Cr (161-517), Ni (148-296), Pb (81-233), Sb (1-29)
and Zn (240-942). The corresponding values in soil(mg/kg)
were:—Fe (28,864-46,001), Mn (579-1179), Cu (88-287),
Cd (1-2), Cr (168-432), Ni (238-303), Pb (289-952), Sb
(6-17) and Zn (305-80). Here, traffic was identified as the
primary source for Zn, Sb and Cu and bioaccessible frac-
tions of Fe and Mn.

Okorie et al. (2012) studied the bioaccessibility through
street dust in Newcastle, following the BARGE method
(Okorie et al. 2012). The percentages of metal bioacces-
sibility were higher in gastrointestinal phase (Zn=53.2%,
Ni=32.4%, Cu=64.4%, Cd=52.8%, Pb=37.2%,
As=36.1%) compared to gastric phase (Zn=37.6%,
Ni=26.8%, Cu=30.2%, Cd=41.7%, Pb=32.9%,
As=18.6%). Here sources like lubricants, vehicle fabri-
cation, flashing on the roof of historic building parts, tire
wear, cylinder surface, and engine pistons were dominant.
An important finding was that it is nearly impossible for
any child, even with the habit of pica, to ingest 100 mg/day
dust, even from polluted city centres. However, models like
IEUBK are often used for estimating blood lead levels in
children, using such default values, thus always overestimat-
ing the risks.

Although several studies have established the metal con-
centrations in street dust, limited research and knowledge
are available on its molecular composition to date (Potgieter-
Vermaak et al. 2012). The chemical composition of inhaled
particles is involved in manifesting carcinogenic, toxic and
enotoxic effects. Fractions of size <38 um had the high-
est concentrations of Cr (171 mg/kg) and Pb (238 mg/kg),
which decreased in the larger fractions. >50% Cr rich parti-
cles were associated with Pb, which were specially bound in
form of lead chromate. Both Cr and Pb were readily mobi-
lised in artificial lysosomal liquid, and upto 19% and 47%
of Cr and Pb were released. This poses serious health risk
concerns to humans.

Metal Bioaccessibility in Park Dust

Urban parks are used extensively by children as playgrounds,
and adults for walking, sitting or exercise (Liu et al. 2020;
Zhao et al. 2020; Huang et al. 2021). Metals in urban park
dusts, easily get resuspended by wind, hence are of con-
cern to human health (Qiang et al. 2015; Yang et al. 2015).
Park dust was also studied for different metal bioaccessibil-
ity by Wang in Nanjing and Yang-Guang Gu et al. (2016)
in Guangzhou in 2016. Wang found anthropogenic origins
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of elements in urban park dust, except that of Co and V
like vehicle exhausts and coal combustion, cement. The
concentrations of different metals (mg/kg) were as fol-
lows:—As=24+5.01, Pb=63.3+10.5, Cd=60.9+17.5,
Cr=10.1+2.99, Cu=379+11.6, C=32.8+7.85,
Ni=255+8.60, Zn=53.7+14.7, V=29.9+57.6,
Mn=51.6+10.7. The primary sources of pollution were
anthropogenic, which varied from vehicle exhausts, coal
combustion, cement, and other natural sources. The non-
carcinogenic risks were mainly posed through the ingestion
pathway. Although hazard quotients were within safe limits,
As (0.184) and Pb(0.154) posed higher carcinogenic risks in
children than in adults. The carcinogenic risks were < 107
for As and < 107 for Cr, Co, Cd, and Ni. The metal bioac-
cessibility followed the order:—Cr<As <Ni<V <C<Cu
<Mn<Zn<Cd<Pb.

Yang-Guang Gu found the highest bioaccessibility per-
centages of Cd=75.96%, followed by Mn=33.66% and
Zn=31.87% (Gu et al. 2016). The sources were identified
both as natural and anthropogenic. The carcinogenic risk
from Cr and Pb were within limits (< 1 x 107#), while there
were no noncarcinogenic risks in Guangzhou urban park
soils.

Metal Bioaccessibility in House Dust

The indoor environment is a potential exposure route for
multiple pollutants in all age groups due to its longer resi-
dence time than outdoors. Time spent indoors varies from
80 to 90%, depending on seasonal and vocational activity.
Also, indoor pollutants are not degraded due to the absence
of biotic (microbial) and abiotic (photolysis and hydrolysis),
aging, or physical factors like wind or rain. Different sources
of metals indoors may vary from wall paints, pesticides,
chemicals used on furniture, smoking, batteries, and wood
burnings. Although house dust is an essential category/com-
ponent/zone/aspect for studying metal bioaccessibility, very
few studies have addressed. Among the different authors,
Rasmussen studied metal bioaccessibility in house dust
(Rasmussen et al. 2008, 2011, 2013). In 2008, he examined
the various factors affecting oral bioaccessibility, like total
organic carbon content, metal speciation, and size of parti-
cles for risk assessment estimations in Ottawa city, Canada.
Two different size fractions (<36 um and 80-150 pm) were
studied for the speciation of Zn and Cu using synchrotron
X-ray absorption spectroscopy (X.A.S.). While Cu was asso-
ciated with the organic dust phase, Zn was associated with
the mineral fraction. Carbon concentrations in indoor dust
(median 28%) were elevated compared to soil (median 5%).
Bioaccessible metals (Zn, Cu, and Ni) were evaluated for
size fractions < 150 um, and house dust was found to have
higher bioaccessible metals than soils. Soil and house dust
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had distinct geochemical signatures and thus were suggested
to be treated separately to assess human risks.

In 2011, he studied the bioaccessibility and speciation
of lead in Canadian house dust (Rasmussen et al. 2011).
A polymodal frequency distribution was obtained, which
consisted of three lognormally distributed subpopulations
defined as "elevated," and "anomalous," “elevated” and
"urban background," with geomeans of 1730, 447 and 58,
447, and 1730 mg/kg. Around 90% of samples fell under
the "urban background" category. Older homes from central
cities recorded elevated metal concentrations. Moderate cor-
relation was found between age of house and PbS content in
dust (R*=0.34; n=1025 at significance of p <0.01). 33%
of older homes fell under the "urban background" category
due to the benefits of home remediation. The dominant Pb
species were all forms of citrate, carbonate, hydroxyl car-
bonate, chromate, oxide, sulphate forms of Pb, elemental Pb,
and those adsorbed to humate or Fe- and Al-oxyhydroxide
Pb bioaccessibility was higher in older homes with access
to carbonates and hydroxyl carbonate compounds of Pb in
older paints. This study provided a national baseline for
management of human health risks in urban areas.

Again, in 2013, Rasmussen studied the population-based
metal concentrations, metal loads, and their loading rates
(Cd, Cr, Ni, Cu, Cd, As, Pb and Zn) inside Canadian homes
(Rasmussen et al. 2013). Here, industrial proximity was
attributed by high metal loading rates in indoors. In contrast,
metal concentrations in dust were unaffected. Significant
relationships were found between metal concentrations and
the age of the house, only for Zn, Pb and Cd. Although metal
concentrations are a good indicator of indoor metal sources,
dust mass was the key factor influencing metal loadings and
loading rates.

House dust near contaminated sites like mining or indus-
tries are more likely to expose its inhabitants to metals/pol-
lutants. One such study was done by Rieuwerts, who stud-
ied the metal levels and bioaccessibility in indoor dust and
garden soils from a site with a mining history (Rieuwerts
et al. 2006) in southwest England. The elevated mean As
concentrations in indoor dust 149 mg/kg and garden soils
were 262 mg/kg. In indoor and garden grounds, their high-
est soil and indoor dust concentrations were 471 mg/kg and
486 mg/kg, respectively, as concentrations exceeded the
U.K. Soil Guideline Value (S.G.V.) of 20 mg/kg. Poor cor-
relation between house dust and garden soil for As metal
were found. Metal bioaccessibility was studied using PBET
methods, ranging from 10 to 20% in the gastric phase to
30—40% in the intestinal phase. The average As dose intakes
in children (0-6 years) from indoor dust and garden soils
were 3.53 pgkg~! body weight day~! and 2.43 pgkg~! body
weight day~!, respectively, compared to the index dose of
0.3 pgkg! body weight day~! from S.G.V. The ingestion
doses through indoor dust and garden soils exceeded 75% of
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samples of children (0-6 years old). This age group is more
prone to soil and indoor dust ingestion pathways. Hence, sig-
nificant As contamination and its implications in southwest
England need more concern.

Turner studied the concentrations of C, H, N, and metal
in 32 household dust samples in the U.K. (Turner and Ip
2007). Although the total metal concentrations were vari-
able, the geometric mean metal concentrations were consist-
ent with contemporary literature worldwide. The greatest
enrichments were found in Pb, Zn, Cu, Sn, and Cd, while
the bioaccessibility in simulated gastric fluids ranged from
80% for Pb, Cu, Zn, and 10% for Sn. Combustion-metrically
measured C, H and N concentrations in house dusts ranged
from 11-46.2%, 1.5-7.0% and 1.0-8.5%, respectively. The
uniform carbon to hydrogen ratios (7.3; rsd = 10%) reflected
their similar origin (rsd =relative standard deviation). While
C:N ratios were variable (mean 8.5; rsdN40%), reflecting
source materials variance (protein=2.1; soil humic = 14;
lignin =78). The heterogeneous distribution of metals from
various internal and external sources are attributed to poor
correlations between metal concentrations or C, H, and N
ratios.

In 2018, Plumejeaud studied the characterisation and
genotoxicity of bioaccessible fractions in house dust from
Estarreja in Portugal (Plumejeaud et al. 2018), The bioac-
cessibility of the metals were studied by following the UBM
method. The gastric extracts induced genotoxicity in adeno-
carcinoma gastric human cells, which were dose dependent.
Cu was found to induce DNA damage while Pb induced
chromosomal damage effects. The usage of such methodolo-
gies could be used in large-scale studies, for better estima-
tions risks and exposures to humans.

Knowledge Gaps

Further, a comparison of the efficacy of various simulated
fluids and different approaches for different matrices was
lacking. The establishment of time of extraction, solid to
liquid ratio, and method/intensity of agitation for a clearer
understanding of the influences of other methodological
parameters on the outcomes of bioaccessibility was required.
Presently, there is no distinction between solubilized lung
fraction and the fraction cleared via mucocilliary actions.
The role of microorganism on the metals release in the res-
piratory tract, is yet unexplored. A knowledge about the
physicochemical properties of dust in relation to its metal
speciation will provide a better understanding about the
mechanisms involved in their bioaccessibilities. The dif-
ferent toxicity modes for mixed sources of contamination
must be understood for in-vitro studies of cell culture. A
better understanding of the physicochemical-biological fac-
tors influencing bioaccessible, and bioavailable responses is

essential for building up a simple, cost-effective, and rapid
approach for refining inhalation exposure in humans. Among
the different media studied for metal bioaccessibility, rice
(Li et al. 2018b), wheat grains (Wang et al. 2020a), veg-
etables (Hu and Cheng 2013), particulate matter (Hu et al.
2012) and marine organisms (Gu et al. 2018) should also
be studied at a larger scale, as these are directly ingested or
inhaled by the humans.

On comparing the different methods followed for the esti-
mation of metal bioaccessibility, the SBET method has been
used most extensively used. One of the reasons could be the
less time (1 h) required for extraction and the lesser chemi-
cals required for this method. But, at the same time, it can
only estimate the metal levels only in the gastric phase. All
other methods (PBET, SBRC, BARGE) estimate the met-
als accessible to the gastric as well as the intestinal phase.
These methods take approximately another 4 h to extract
metals accessible to the intestine. Thus, although SBET is
more economical and timesaving, the focus should be laid
on gaining more accurate knowledge of any metal’s bioac-
cessibility in both the compartments (gastric and intestinal).
Further, research to develop more economical and less time-
consuming methods for the estimating metal bioaccessibility
should be encouraged.

Control Measures

Different authors have advocated various control measures
to curb the bioaccessibility of metals from dust, as enlisted
below.

e Immobilization of Pb in contaminated soils/waste/slags
by addition of a phosphate amendment, which forms sta-
ble Pb phosphate compounds.

e Removal of waste piles, paving streets and roads, and
plantation of grass or vegetation will help reduce access
to wind-blown dust.

e Reduction dust load by proper regular vacuum cleaning
and sweeping.

e Assessment of practical risks, by local measurements of
background exposures.

e Determination of metal concentrations in dust and their
bioaccessibility at regional and national levels for obtain-
ing default values. Incorporation of these default value
databases will help in deriving accurate risk assessments.

e Maintenance of hygienic conditions indoors and outdoors
to avoid potentially harmful effects on the population.

e Incorporation of control methods like water washing,
street sweeping, and dust suppressants.

e Promotion of mass transport, and installation of indus-
tries away from human settlements.
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e Raising public awareness and promoting risk assessment
studies to help the decision-makers suggest remedial
measures or reduce the risks from exposure.

e Use of protective gears like eye-protecting coverings,
masks, and uniforms must be adopted in occupational
workplaces.

e Comprehensive dust quality assessments and regular
multi-compartmental environmental surveillance and
remediation program are required.

e Incorporation of microbial assays, plant and soil inverte-
brates, and in soil quality improvement.

¢ Development of integrated risk assessment of pollutants
in soil based on land use and environmental availability.

e Model the urban environment in geochemical cycles,
considering the continuously changing complex mixtures
of materials.

e Identification of the critical exposure pathways and social
justification for investment in risk reduction programs

e Risk assessment and management of metals through bio-
accessibility tests.

Limitations

Till date, metal bioaccessibilities have been studied at either
regional or local scale. Larger database of bioaccessible met-
als is unavailable. Such kind of database will help in making
more realistic models, with lesser chances of overestima-
tions (like IEUBK). Bioaccessibilities of metals from other
matrices (like air) and exposure pathways (inhalation, der-
mal contact) need to be standardised as well. Human bio-
marker (hair, nail, urine) studies will further confirm the
effects of bioaccessible metals. Source apportionment stud-
ies using metal isotope fingerprinting need to be taken up at
a larger scale, for confirming the accurate sources of metals.

Future Scope and Recommendation

e Size fractionation of dust and its relationship with risk
assessment of human inhalation.

e Studies on the toxicological effects using a multi-element
matrix should be considered when dealing with the bio-
accessibility/bioavailability from multi-media like soil,
water, food, and vegetables.

e Future research must be taken much more robustly at the
microbial level. Like, as both indigenous and exogenous
microbes' role is in releasing metals/metalloids from the
respiratory tract.

¢ A mechanistic understanding of contaminant release fac-
tors can only be understood by combining in-vitro/Vivo
studies with dust properties and their speciation. Also, in-
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vitro cell culture studies help understand toxicity modes
from mixed contaminant sources.

e Efficiencies of fluids, static vs. dynamic flow-through
systems approaches, and correlations between in-vitro—
in-vivo samples in multiple matrices s like mine/road
dust, vehicular exhaust, ambient particulate matter need
to be studied.

e Standardisation of effect of solid/liquid ratio, time for
extraction, and method/intensity of agitation for under-
standing the methodological parameters' influencing
metal bioaccessibility.

e Chemical speciation of metals, their mobility, bioavail-
ability, and total concentration should be considered for
evaluating metals' potential risk (environmental/human
health) from any medium (soil/dust).

e A rapid, simple, and economical approach for exposure
through inhalation can be refined by understanding the
factors (physical/chemical/biological) in combination
with in-vitro/vivo studies.

e Validation of relationships between in-vivo-in-vitro cul-
tures, physicochemical and biochemical factors influenc-
ing the responses of bioaccessibility, and bioavailability
will refine inhalation exposure in humans in a simple,
accurate, yet economical method.

Conclusions

Metal bioaccessibility has been studied most widely in the
soil matrix. The potential sources of metal pollution varied
from vehicular, industrial, and mining/smelting activities.
Here, source apportionment studies can help determine the
exact contribution of each source and precisely manage the
sources. Size fractionation of dust particles played a vital
role in deciding the bioaccessibility of metals. Smaller size
fractions of dust had higher bioaccessibility. Metal concen-
trations are a good indicator of various sources of metals in
home; dust mass is the key factor influencing metal load-
ings and loading rates. Emphasis should also be given to
dust loading rates, which ultimately determine metal load-
ings. Factors affecting bioaccessibility like pH, reactive Fe,
organic matter, occupation, and exposure time in workplaces
and homes need detailed understanding. The role of micro-
organisms in releasing metals in the respiratory tract is yet
to be explored. The different modes of toxicity for mixed
sources of contamination need to be understood for in-
vitro cell culture studies. Among other extraction methods,
although SBET is the oldest, PBET is more widely used
for studying metal bioaccessibility. In recent times, PBET
is largely replaced by UBM as it employs a standardised
method for assessing bioaccessible metals. However, stand-
ardization of extraction procedures, with precisions on solid
to liquid ratio, needs attention. In different population-based
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risks, children were more vulnerable to informal digestion
risks. Regional databases for population risk assessments
need to be framed for obtaining a representative baseline for
human health risk management. Proper attention should be
given to indoor environments like homes and offices, about
metal exposures, where an individual spends the maximum
time. A better knowledge of the biological and physicochem-
ical factors determining the bioaccessibility and bioavail-
ability, and consequent toxicological responses is essential
for formulating a simple, cost-effective, and rapid approach
to toxicological exposure and human health risk assessment.
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