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a b s t r a c t
An approach for assessing the inhalation bioaccessibility of Pb in the PM10 size fraction is presented, using an in vitro
simulated epithelial lung ﬂuid to represent the extracellular environment of the lung. The developed inhalation bioaccessibility method (IBM) is applied to a range of urban surface soils and mining wastes obtained from Mitrovica,
Kosovo, a site where impacts upon human health following exposure to Pb have been internationally publicised. All
Pb determinations were undertaken by inductively coupled plasma mass spectrometry (ICP-MS). The pseudo-total
concentration of Pb (microwave acid digestion using aqua-regia) varied between matrices: smelter (20,900–
72,800 mg kg−1), topsoil (274–13,700 mg kg−1), and tailings (2990 mg kg−1–25,300 mg kg−1). The in vitro
inhalation bioaccessibility was typically several orders of magnitude lower: smelter (7.0–965 mg kg−1), topsoil
(9.8–1060 mg kg−1), and tailings (0.7 mg kg−1–49.2 mg kg−1). The % inhalation bioaccessibility ranged from
0.02 to 11.0%, with the higher inhalation bioaccessible Pb concentrations being observed for samples from the
Bosniak Mahalla area of Mitrovica (an area proposed for the relocation of internally displaced peoples). The
estimated inhalation dose (for adults) calculated from the PM10 pseudo-total Pb concentration ranged from 0.369
to 1.284 μg kg−1BW day−1 (smelter), 0.005–0.242 μg kg−1BW day−1 (topsoil), and 0.053–0.446 μg kg−1BW day−1
(tailings). When daily inhalation doses were calculated using the bioaccessible Pb concentration the modelled exposure doses were much lower: smelter (0.0001–0.0170 μg kg−1BW day−1), topsoil (0.0002–0.0187 μg kg−1BW day−1)
and tailings (0.0001–0.0009 μg kg−1BW day−1). Modelled for the neutral pH conditions of the interstitial
lung environment, the results indicate a low potential inhalation bioaccessibility for Pb in these samples. Given
the already elevated environmental Pb burden experienced by the local population, where signiﬁcant prolonged
dust or particulate generating activities are taking place, or where the inhaled particles are phagocytized, then
inhalation exposure has the potential to signiﬁcantly add to the overall Pb burden. Such data are important for
local policy makers to better enable them to assess risk, especially in areas where soils/dusts have elevated levels
of contamination.
© 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Potentially harmful elements (PHEs) released into the environment
either through natural or anthropogenic activities may cause adverse
health effects to humans. The three main exposure pathways to humans
are via ingestion, inhalation and topical absorption (typically referred to
as dermal as usually across the skin) (Environment Agency, 2009a). For
public health safety it is essential that acceptable methods are developed for estimating realistic human exposure concentrations resulting
from exposure to PHEs in the environment. Several protocols have
been developed for the ingestion pathway including physiologically-
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based in vitro bioaccessibility methods. Previous bioaccessibility work
has predominantly focused on As, Cd and Pb where the ingestion pathway is considered to be the main exposure route to humans. Indeed
there are several in vitro oral models currently in use for contaminants
in food and environmental matrices, and reviews of this work are numerous (e.g. Abrahams, 2012; Hur et al., 2009; Intawongse and Dean,
2006; Oomen et al., 2002; Ruby et al., 1999; Wragg and Cave, 2003).
In certain contexts and for certain elements however, inhalation, and
speciﬁcally the inhalation of suspended particles in air, can pose an
increased human health risk via this exposure pathway (Colombo
et al., 2008; Harrad et al., 2004; Jones-Otazo et al., 2005; Voutsa and
Samara, 2002). Indeed for Ni, the inhalation pathway is considered to
be the most signiﬁcant exposure pathway (Environment Agency,
2009b). Epidemiological, animal toxicological and in vitro studies have
indicated that it is the chemical composition, as well as the physical
presence, of the inhaled particles that plays a major role in associated

Table 1
The composition and concentrations of in vitro lung bioaccessibility ﬂuids.
Original Gamble
solution

Pseudo
alveolar ﬂuid

Simulated
lung ﬂuid

Artiﬁcial
interstitial ﬂuid

MgCl2⋅6H2O (mg L−1)
NH4Cl (mg L−1)
NaCl (mg L−1)
CaCl2 (mg L−1)
CaCl2⋅2H2O (mg L−1)
Na2SO4 (mg L−1)
H2SO4 (mg L−1)
Na2SO4⋅10H2O (mg L−1)
Na2HPO4 (mg L−1)
NaH2PO4 (mg L−1)
NaH2PO4⋅H2O (mg L−1)
H3PO4 ( mg L−1)
NaHCO3 (mg L−1)
Na2CO3 ( mg L−1)
NaHC4H4O6⋅2H2O (sodium hydrogen tartrate dihydrate) (mg L−1)
H2C6H5O7Na⋅2H2O (sodium dihydrogen citrate dihydrate) (mg L−1)
CH3CHOHCOONa (sodium citrate) (mg L−1)
Citric acid⋅H2O (mg L−1)
NaOCOCOCH3 (sodium pyruvate) (mg L−1)
NH2CH2COOH (glycine) (Gly) (mg L−1)
L-Cysteine (C3H7NO2S) (mg L−1)
DPPC (dipalmitoyl phosphatidyl choline) (C40H80NO8P) (mg L−1)
CH3COONa⋅3H2O (sodium acetate trihydrate) (mg L−1)
Sodium acetate (CH3COONa) (mg L−1)
HOC (COONa) (CH2COONa)2⋅2H2O (sodium citrate dihydrate) (mg L−1)
C3H5NaO3 (sodium lactate) (mg L−1)
KCl (mg L−1)
Potassium hydrogen phthalate (C8H5KO4) (mg L−1)
C14H23N3O10 (DTPA) (pentetic acid) (mg L−1)
C21H38NCl (ABDAC) ( mg L−1) (benzalkonium chloride)
Ascorbic acid (mg L−1)
Uric acid (mg L−1)
Glutathione (mg L−1)
Albumin (mg L−1)
Mucin (mg L−1)
pH (adjustment with HCl)
Reference

203

212

212

203

6019

6415

6400

6193

368
71

255
79

255

368
71

Gamble
solution

Modiﬁed Gamble
solution

Synthetic
serum

Gamble
solution

535
6786
22

5300
6800

535
6786
22

118
6400

200

290
45

148

179
148

510

144

2604

2703

2700

97

180
153
175

180
153

2604

2268

6020

225

256
72

150

150

2268

2700

2700

52

160

450

190

45

142

142

SELF

144
1700
1200
2300
630

52
420

0.72
118

172
118

375
121

450

200
953

376
122
100

952
580
590

97
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Composition

290
298

298

298
200
79
50

Moss, 1979

7.6
Takaya et al.,
2006,

Taunton
et al., 2010

7.4
Stopford et al.,
2003

7.3
Wragg and
Klinck, 2007

7.4
Gray et al.,
2010;

7.3
Kanapilly
et al., 1973

Caboche
et al., 2011

18
16
30
260
500
7.4
This study

133

134
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toxic, carcinogenic and other health effects (e.g. Adamson et al., 2000;
Ghio and Devlin, 2001; Godleski et al., 2002; Hunt et al., 2003).
With respect to the inhalation route, a particle may reside in one of
at least two “compartments”: the extracellular environment typiﬁed
by lung ﬂuid of neutral pH and the more acidic environment within
macrophages (Zoitos et al., 1997). The pioneer synthetic lung ﬂuid
(SLF), commonly referred to as Gamble's solution, has been widely
used for the exposure assessment of humans to inhalable pollutants.
Gamble's solution attempts to simulate the extracellular environment
of the deep lung (Holliday, 2000; Margues et al., 2011). This initial formula has been modiﬁed by several researchers (Caboche et al., 2011;
Wragg and Klinck, 2007) but the name “Gamble solution” is often
retained. Names like “modiﬁed Gamble's solution” (Gray et al., 2010),
“Gamble serum simulant” (Ansoborlo et al., 1990), “simulated lung
ﬂuid” (Taunton et al., 2010), “synthetic serum” (Kanapilly et al., 1973),
“artiﬁcial interstitial ﬂuid” (Stebounova et al., 2011; Stopford et al.,
2003), and “pseudo alveolar ﬂuid” (Takaya et al., 2006) have also been
employed. The formulae for these different versions of Gamble's
solution are summarised in Table 1 and indicate both similarities and
differences in their constituent compounds. Several other substitute
ﬂuids such as deionised water, dilute acids, polydentate chelants
(i.e. ethylene diaminetetraacetic acid), acetate buffers, phosphate
buffers and physiological sodium chloride solutions have also been
used to estimate inhalation bioaccessibility (e.g. Artelt et al., 1998;
Birmili et al., 2006; Canepari et al., 2006, 2010; Harrington et al., 2012;
Santos et al., 2009), as have ﬂuids that represent different conditions
within the lung, such as artiﬁcial lysosomal ﬂuid representative of the
more acidic ﬂuid with which particles come into contact after phagocytosis (Colombo et al., 2008). Whilst the Bioaccessibility Research Group
of Europe (BARGE) has formulated ﬂuids for the different compartments of the digestive system (mouth, stomach and intestine) that
attempt to mimic a full complement of chemical groups identiﬁed in
the digestive ﬂuids of healthy humans i.e. the Uniﬁed Bioaccessibility
Method (UBM) (Wragg et al., 2009), there is presently no consensus
on the ﬂuid composition for the inhalation pathway and many existing
ﬂuids appear to be limited when their formulae at the molecular level
are compared with the UBM for oral bioaccessibility studies. At the
molecular level the UBM contains minerals (salts), water, proteins
(e.g. albumin, mucin, uric acid) and lipids (bile salt); thus all four molecular components of human body ﬂuids are represented. Typical recipes
(Table 1) for SLFs indicate sufﬁcient salt (mineral) content but appear to
be deﬁcient in representing the mix of organic molecules in the native
respiratory tract environment (Margues et al., 2011). Though some authors have substituted proteins with citrates/citric acid and organic
acids with acetates (Gray et al., 2010; Stopford et al., 2003; Takaya
et al., 2006; Wragg and Klinck, 2007), it may be difﬁcult to justify
these substitutions especially when the same organic molecules have
been used in other aqueous in vitro protocols (e.g. UBM) and are readily
available on the market. Lipids, known to be present in SLFs (Hamm
et al., 1996; Kendall, 2007; Lohninger et al., 1983), have also been
excluded in many lung bioaccessibility models with minimal to no
justiﬁcation in the literature.
The primary aims of this study were the development of i) a robust
in vitro simulated epithelial lung ﬂuid (SELF), to represent the extracellular environment of the lung, and ii) an inhalation bioaccessibility
extraction (IBM) protocol. The protocol was then used, iii) to assess
the inhalation bioaccessibility of Pb in the PM10 size fraction that originate from surface soils, tailings and smelter wastes from across
Mitrovica, Kosovo. A mounting body of literature underlines the growing concern for the impact of PM, especially the b PM10 fraction on
human health. The inhalation of dust derived from soils is generally an
underestimated exposure to date. Mass contributions to ambient PM10
in several cities of the world have been traced to several sources including soil materials (Almeida et al., 2005; Bi et al., 2007; Lim et al., 2010;
Marcazzan et al., 2003). Signiﬁcant human health risks at Mitrovica
have been identiﬁed originating from the inhalation of ambient dust

aerosols containing PHEs (UNEP, 2010). Ardtisoglou and Samara
(2005) in their investigation of total suspended particulate matter and
associated trace elements in Mitrovica identiﬁed the resuspension of
soil dust as the most signiﬁcant contributor of PHEs into the local atmosphere. Our focus was on the PM10 fraction. Following inhalation, particles with aerodynamic diameters of N10 μm are mainly deposited in the
upper respiratory tract, whilst particles with aerodynamic diameters of
less than or equal to 10 μm are likely (N 50%) to reach the tracheobronchial region (Merget and Rosner, 2001). The larger inhaled particles are
known to become trapped in the mucus that lines the airways and are
transported by cilia away from the lungs (the so called mucociliary escalator) and subsequently expectorated or swallowed (gastro-intestinal
pathway). Particles b4 μm are mainly respirable (i.e. deposit in the
alveolar region or deep lung).

2. Experimental
2.1. Simulated epithelial lung ﬂuid (SELF) formulation
A critical review of the published literature indicates that inorganic
salts, surfactant lipids, large molecular-mass proteins, low molecularmass antioxidant proteins and organic acids are all native to the
epithelial lung ﬂuids of healthy non-smoking humans (Cantin et al.,
1990; Hamm et al., 1996; Kendall, 2007; Kirkham and Rahman, 2006;
Lohninger et al., 1983; Vanbever et al., 1999; Vliet et al., 1999). Generally the range of inorganic salts (sodium chloride, calcium chloride, sodium dihydrogen phosphate, sodium bicarbonate, potassium chloride,
magnesium chloride hexahydrate, sodium sulphate) and their concentrations used in existing models (Table 1) closely approximate
published in vivo data for healthy humans (Cadwell et al., 2002; Hull
et al., 1998; Jayaraman et al., 2001; Joris et al., 1993; Knowles et al.,
1997; Vanthanouvong and Roomans, 2004; Zhang and Engelhardt,
1999). For our SELF formulation the same salts and similar concentrations were maintained (Table 2A). The in vivo concentrations of ascorbic
acid, uric acid and glutathione in the respiratory tract ﬂuids of healthy
human subjects have been documented as 17.6 mg L−1, 15.1 mg L−1,
30.7 mg L− 1, respectively (Cross et al., 1994), and approximately
the same concentrations were chosen for this formulation (Table 2B).
Similarly, dipalmitoyl phosphatidyl choline (DPPC), a major lipid in
human respiratory tract ﬂuids (Gregory et al., 1991; Griese, 1999;
Johansson et al., 1994; Pison et al., 1986), is included. A concentration
of 100 mg L−1 DPPC is suitable for mimicking the airway's ﬂuid surfactant properties (Davies and Feddah, 2003) and was adopted as part of
the SELF formulation (Table 2C).
Table 2
Simulated epithelial lung ﬂuid formulation.
Reagent

Weight of reagent (mg) made up to 500 mL

(A) Inorganic phase reagent
NaCl
CaCl2
Na2HPO4
NaHCO3
KCl
MgCl2
Na2SO4

6020
256
150
2700
298
200
72

(B) Organic phase reagent
Ascorbic acid
Uric acid
Glutathione
(C) Additional reagents
Albumin
Cysteine
DPPC
Glycine
Mucin

18
16
30

260
122
100
376
500
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Studies investigating the composition of human SLFs have also identiﬁed albumin and mucin as the most abundant proteins (Bakker, 1988;
Bredberg et al., 2012; Su et al., 1998). The airway mucus gel protects the
respiratory tract against environmental challenges (Cooper et al., 1985;
Khanvilkar et al., 2001; Thornton et al., 2008) and it has been suggested
that glycoproteins such as albumin and mucin bind with metals in
solution (Cross et al., 2001; Duranti et al., 2001) thereby inﬂuencing
metal solubility. Twining et al. (2005) adopted an albumin concentration of 200 mg L− 1 in their inhalation bioaccessibility model. This
reﬂects the lower end of the reported in vivo concentration range of
50–5500 mg L− 1 (Fick et al., 1984; Lamer et al., 1993). For our SELF
formulation an albumin concentration of 260 mg L− 1 was adopted
(Table 2C); beyond this concentration albumin may bind to polystyrene
and glass surfaces (Bakker, 1988; Su et al., 1998). Mucin also exhibits
extensive aggregations and forms gel-like solids at physiologic concentrations of 20,000–50,000 mg L−1 (Bansil and Turner, 2006; Bansil et al.,
1995; Bromberg and Barr, 2000; Cao et al., 1999; Lee et al., 2005).
However, at dilute concentrations of b1500 mg L−1 such aggregations
are limited but the characteristic lubricating properties of mucin are
retained (Lee et al., 2005). A concentration of 500 mg L− 1 mucin
(0.5 wt.%), sufﬁcient for the attainment of surface active properties
(Grifﬁths et al., 2010), was adopted in our SELF (Table 2C).
The interaction of metal ions with proteins is well known and can
lead to aggregation and precipitation reactions (Hughes and Klotz,
1956). Glycoproteins, such as mucin for example included in our SELF,
have been shown to interact with Pb2+ at neutral pH values reducing
the solubility of Pb (Duranti et al., 2001). However the role of proteins
and antioxidant reagents warrants further investigation as Harris and
Silberman (1988) compared the leaching efﬁciency of normal canine
serum with that of a synthetic serum and concluded the opposite that
the lower leaching efﬁciency of their synthetic serum was due to the absence of proteins in the synthetic serum. Voutsa and Samara (2002) also
attributed the very low inhalation bioaccessibility (b 1%) for Pb from
urban and industrial airborne particulate matter in their synthetic
serum to the neutral pH and/or the absence of strong Pb complexing
agents.
Organic acid components of human SLFs have previously been
represented by glycine (Ansoborlo et al., 1990; Caboche et al., 2011;
Drysdale et al., 2012; Gray et al., 2010; Kanapilly et al., 1973; Takaya
et al., 2006; Wragg and Klinck, 2007) and cysteine (Ansoborlo et al.,
1990; Harris and Silberman, 1983; Vousta and Samara, 2002; Wragg
and Klinck, 2007). Both acids help maintain the glutathione balance
(Kelly, 1999) and exhibit anti-inﬂammatory effects during endothelial
inﬂammation (Hasegawa et al., 2012). In the SELF formulation the
concentrations of glycine and cysteine were set at 376 mg L−1 and
122 mg L−1, respectively (Table 2C), and are based on the formulation
by Wragg and Klinck (2007).
2.2. Reagents
Chemicals used in ﬂuid formulation and analyses were of certiﬁed
analytical grade. Concentrated nitric acid (HNO3) and concentrated hydrochloric acid (HCl) were supplied by Fisher Scientiﬁc Ltd. (Loughborough, Leicestershire, UK). Sodium hydrogen phosphate (NaH2PO4) and
potassium hydrogen phosphate (NaHPO4) were purchased from
Sigma Aldrich Ltd. (Gillingham, Dorset, UK). Sodium chloride (NaCl),
anhydrous sodium sulphate (Na2SO4), potassium chloride (KCl), calcium chloride (CaCl2⋅2H2O), sodium bicarbonate (NaHCO3), magnesium
chloride (MgCl2⋅6H2O), sodium hydroxide (NaOH), uric acid, bovine
serum albumin (BSA) and concentrated nitric acid (69% HNO3) were
all obtained from Merck Ltd. (Poole, UK). Mucin (pig) was obtained
from Carl Roth Ltd., Germany. Ascorbic acid, glutathione, cysteine,
dipalmitoyl phosphatidyl choline (DPPC), and glycine were obtained
from Sigma Aldrich Ltd. (Gillingham, Dorset, UK). A Pb standard and
internal standard solutions (indium and terbium) were obtained
from SPEXCertPrep (Middlesex, UK). Ultra-pure water of conductivity
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18.2 MΩ-cm was produced by a direct QTM Millipore system
(Molsheim, France). Certiﬁed reference materials: BCR 038 (ﬂy ash
from pulverised coal with a particle size fraction of b10 μm), BCR
143R (sewage sludge amended soil with a particle size fraction of
b90 μm), BCR 176R (ﬂy ash with a particle size fraction of b 105 μm),
BCR 723 (road dust with a particle size fraction of b105 μm) as well as
SRM 2783 (air particulate on ﬁlter media) were obtained from
LGC-Promochem (London, UK); a Guidance Material 102 (naturally
contaminated soil, from North Lincolnshire, with a particle size of
b40 μm) was obtained from the British Geological Survey (Keyworth,
UK).
2.3. Preparation of simulated epithelial lung ﬂuid (SELF)
The list of the chemicals required to prepare 1000 mL of SELF are
given in Table 2. To prepare 500 mL of the inorganic and organic phases,
the chemicals speciﬁed in Tables 2A and 2B were dissolved in deionised
water in separate 1 L high density polyethylene (HDPE) screw top
bottles and made up to 500 mL. The 500 mL inorganic and the 500 mL
organic phases were then combined to form 1000 mL of reagent in a 1 L
bottle which contained the solids listed in Table 2C and the resulting
ﬂuid was mixed thoroughly. About 0.4 mL of HCl was added to attain
the desired pH of 7.4 ± 0.2.
2.4. Procedure for inhalation bioaccessibility extraction
A static dissolution technique was chosen. Such techniques are
amongst the easiest and most widely implemented in vitro protocols
and avoid the production of large quantities of SLF associated with
ﬂow-through systems (e.g. Zoiltos et al., 1997). An in-house test soil
was utilised for method development work. This soil sample was collected from a former industrial site known for its Pb works (St. Antony's,
Newcastle upon Tyne, UK); the soil sample was sieved with a nylon
sieve of particle size fraction 250 μm and then ball milled to reduce
the particle size to a ﬁne powder.
A respiratory tract ﬂuid volume of 0.3 mL kg−1 body mass has been
recorded for healthy non-smoking human subjects by both Miserocchi
(1997) and Noppen et al. (2000). For a 70 kg adult this would correspond to 21 mL. For this study the value was rounded down to 20 mL
and set as the experimental volume of the simulated epithelial lung
ﬂuid. A similar volume has also been used in previous related studies
(Gray et al., 2010; Twining et al., 2005; Wragg and Klinck, 2007).
The basal human body temperature (37 °C) was chosen for the experimental protocol for this study. Based on McShane et al. (2003),
where a pH of 7.1 ± 0.1 was reported, and an upper pH value of 7.5 reported by Fischer and Widdecombe (2006), the pH for this inhalation
bioaccessibility study was set at 7.4 ± 0.2.
In terms of a suitable sample mass a range of 250–550 mg has been
applied across a range of published studies (e.g. Drysdale et al., 2012;
Wragg and Klinck, 2007). A conservative upper annual inhalation dose
of 300 mg (PM10) was calculated as a reasonable upper-bound value
and is consistent with the published range. This was calculated for
adults according to Sexton et al. (1995) as follows:
Annual PM10 inhalation ¼ PMlimit  V resp  EF

ð1Þ

where PMlimit is the exposure limit of PM10 (40 μg/m3; this represents
the upper daily PM10 concentration not to be exceeded in a calendar
year, European Environment Agency, 2011), Vresp is the inhalation rate
(20 m3 day− 1) (U.S. EPA, 1991) and EF is the exposure frequency
(365 days).
The SELF was heated to 37 ± 2 °C in a thermostatically controlled
water bath before use. Approximately 0.3 g of test sample was accurately weighed into a centrifuge tube to which 20 mL of the prepared SELF
was added. The resulting suspensions were rotated for a range of ﬁxed
times at a speed of 30 RPM, then centrifuged at 3000 RPM for 10 min
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and the clear supernatant was transferred into fresh tubes, diluted and
stored in the fridge (4 °C) for subsequent analysis. The resultant residual fraction was microwave acid digested (temperature, 160 °C; power,
750 watts; extraction time, 40 min; and cooling time, 30 min) using
aqua-regia (HCl:HNO3 in the ratio 3:1 v/v) to allow both a total and a
mass balance for the system to be established. Analysis was performed
by inductively coupled plasma mass spectrometry (ICP-MS) X Series II
from Thermo Electron Corporation (Winsford, UK).
The percentage inhalation bioaccessible fraction (%IBAF) was calculated as follows:
%IBAF ¼ ðC ibio =C total  100Þ

ð2Þ

where Cibio is the inhalation bioaccessible concentration of Pb and Ctotal
is the total concentration of Pb determined by aqua regia digestion. For
each digestion, reagent blanks were also prepared. The ﬁltrate obtained
from the digestion was refrigerated (b 4 °C) prior to analysis.
2.5. Quality control procedures
Procedural blanks were included within the inhalation bioaccessibility extraction procedure and to determine reproducibility all samples
were extracted in triplicate. For the microwave acid digestion 0.5 g of
a certiﬁed reference material (BCR 143R) was accurately weighed and
digested to assess the efﬁciency of the digestion procedure. For the
ICP-MS analysis a blank solution and two quality control standards
(low and high) were analysed after no more than 10 unknown samples.
Instrumental detection limit for Pb was 0.1 μg L− 1, with the method

detection limit two orders of magnitude greater at approximately
10 μg L−1.
All reported data are based on the average of three replicate. Also to
assess the quality of data generated by the ICP-MS standard solutions (0,
20, 40, 60, 80, 100, 200, and 400 ng mL−1) were prepared and analysed
prior to the test samples.
3. Study site
Mitrovica, Northern Kosovo contains a number of former and current metallurgical industries including the now inactive Zvecan Pb/Zn
smelter, located approximately 5 km to the north of the city (Fig. 1). Internationally publicised concerns around the uptake of Pb by internally
displaced populations (IDPs) within Mitrovica since the Kosovan War
(1998–1999) have been highlighted (CDC, 2007; Human Rights
Watch, 2009). Our previous work has assessed the potential daily intake
of soil-bound PHEs in surface soils and metallurgical waste in the area
using physiologically-based in vitro analyses (Boisa et al., 2013). The
samples analysed in this study (n = 33) included 4 smelter waste samples (from Gornje Polje waste dumps), 24 topsoil samples (1–10 cm
depth from Bosniak Mahalla, Roma Mahalla and Cesmin Lug) and 5
mine tailing samples. The pH of the topsoils was determined using a
Hanna pH209 electrode in a slurry containing sample and deionised
water in a 1:2.5 (w:v) ratio. The pH of the topsoils ranged from slightly
acidic to moderately alkaline (6.08 to 8.5) with a neutral-mildly alkaline
median of 7.3. Organic matter content was quantiﬁed gravimetrically
by loss-on-ignition (LOI) following the ignition of sample material
at 375 °C for 16 hours (Ball, 1964). The samples indicated a very low–

Fig. 1. Sample locations in Mitrovica, Kosovo (from Boisa et al., 2013).

N. Boisa et al. / Environment International 70 (2014) 132–142

moderate organic matter (% LOI) status (0.2–3.3%) with a median of
0.7%. Low organic status soils are typically more friable, especially
when dry, compared to those with higher organic matter status with a
higher aggregate binding potential.
Samples (b 250 μm) were dry sieved to obtain the b63 μm size
fraction and fugitive dusts (b10 μm) were extracted from the b 63 μm
fraction by wet extraction (e.g. Ljung et al., 2011; Luo et al., 2011)
with the method optimised and adjusted to the laboratory scale in this
study. The low %LOI content of these soils reduced the need for pretreatment with hydrogen peroxide to remove the organic matter. The water
soluble fractions of PHEs can be a source of error for water-based PM10
sampling methods. To assess the loss of Pb during our wet extraction
procedure the supernatant for each sample (the visually clear liquid obtained after centrifugation) was analysed for its Pb content by ICP-MS.
The % loss of Pb during the PM10 extraction (expressed as a % of the
pseudo-total Pb concentration) was consistently low, and ranged from
0.4–0.94%. However, when expressed as a % of the lung bioaccessible
Pb concentration, the loss of Pb during the PM10 extraction ranged
between 1.1 and 7.6% for the majority of the topsoils but the tailing
and smelter samples indicated a far higher % loss of Pb (some samples
in excess of 80%). Given the extremely high Pb concentration in these
wastes, the Pb lost during the water separation procedure still only represents b1% of the pseudo-total concentration; so in percentage terms
minimal Pb is extracted from the tailing and smelter samples either at
the water separation stage or by the lung bioaccessibility procedure.
Given the low % loss of Pb from the topsoils we proceeded to extract
PM10 from these samples using the wet extraction technique. All PM10
samples were subsequently subjected, in triplicate, to our developed
IBM.
4. Results and Discussion
4.1. Method development: experimental time
The residence time of inhaled particulate matter in the respiratory
tract is known to vary depending on the characteristics of the material,
the health state of the individual concerned (Caboche et al., 2011), and
the region of the lung being modelled. The lungs act as a continuous
sampler of inhaled particulate matter some of which is deposited in
the lung and of these a proportion is retained (Abraham et al., 1991). Indeed clearance time of particles can actually be in the order of months
or even years. Typically, PM deposited in the tracheobronchial region
are cleared by two main routes: (1) via mucociliary transport (such
as to the gastrointestinal tract) or (2) to regional lymph nodes or
blood capillaries (Sturm, 2007). Mathematical approaches for modelling
pulmonary clearance are numerous (Stöber and McClellan, 1997), and it
is clear that deposited/deposited in the lung are subject to short-term to
long-term retention processes and require complex multi-compartment
models for simulating tracheobronchial clearance (Sturm, 2007). No consistent experimental extraction time has been applied in the scientiﬁc literature, with time variations of between 5 min and 26 days reported, with
most studies using ≤24 hours (e.g. Caboche et al., 2011). An investigation
to determine a suitable extraction time for the IBM (i.e. optimal or maximum bioaccessibility) was undertaken using the abundant ball-milled inhouse test soil. The extraction proﬁle indicated that extraction of the bioaccessible Pb was time dependent, with rapid initial dissolution and a
maximum bioaccessible Pb concentration determined at 96 hours and
then an asymptotic response up to the experimental maximum time of
170 hours (Fig. 2). It has been suggested that about 10–35% of particles
initially deposited in the human bronchial tree are still retained beyond
24 hours (Hoffman and Asgharian, 2003). It has also been suggested
that materials deposited in the alveolar zone (i.e. deep lung) by sedimentation and diffusion are removed slowly, with a clearance time amounting
to days (Lippman et al, 1980). We concluded that 96 hours (4 days)
provides a suitable approximation of the steady state of inhalation bioaccessible Pb. This equates well with other authors (e.g. Wragg and Klinck,
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Fig. 2. Time-dependent extraction of Pb in the simulated epithelial lung ﬂuid (SELF). The
mean (n = 9) with a 1 standard deviation error bar is displayed.

2007) who have noted that an extraction time of 100 hours provides a
conservative (maximum) estimate of Pb inhalation bioaccessibility.
4.2. Quality control
Excellent agreement is shown between the measured total Pb
concentrations and their certiﬁcate/guidance values (Table 3). There
are no certiﬁed reference materials for assessing in vitro inhalation bioaccessibility methods. The developed IBM was thus applied to a range of
certiﬁed reference materials (BCR 038, BCR 143R, BCR 176R, BCR 723),
and a guidance material (BGS 102) to investigate the precision and suitability of the approach as assessed using a mass balance approach: the
sum of the stage 1 (inhalation bioaccessible) data and stage 2 (residual
fraction) producing % total recoveries ranging from 100% to 103%
(Table 3). The mass balance results show that the loss (or gain) of Pb
in all the experimental stages were insigniﬁcant indicating that the
analytical protocols employed are robust. For the in vitro inhalation
extraction methodology the precision, expressed as relative standard
deviation (% RSD), is also presented in Table 3. In this study the
in vitro IBM extraction exhibited precision in the range of 5.7 to 16.3%.
The % inhalation bioaccessible fraction (% IBAF) ranged between 0.3%
(BCR 038) and 8.4% (BCR 143R) illustrating the low extraction from
a range of environmental matrices with particle sizes ranging from
b10 μm to b105 μm.
4.3. Total and inhalation bioaccessible Pb concentration in PM10 fraction
The range of total and inhalation bioaccessible concentrations in the
smelter, topsoils and tailings from Mitrovica (b 10 μm fraction) is shown
in Table 4. The total mean concentration of Pb varied between matrices:
smelter (20,900–72,800 mg kg−1), topsoil (274–13,700 mg kg−1), and
tailings (2990 mg kg−1–25,300 mg kg−1), and also by location (Fig. 3).
The in vitro inhalation bioaccessible fraction (% IBAF) ranged between
0.02 and 11.0%, with high inhalation bioaccessible concentrations
being observed for samples from the Bosniak Mahalla area of Mitrovica
(Fig. 3). Samples without Pb-bearing mineral phases indicated the
highest mean % IBAF (for indicative XRD-derived mineralogy of these
samples the reader is referred to Boisa et al., 2013). The observed
range (0.02 to 11.0% bioaccessibility) closely approximates the range
0.17% to 10.7% previously reported by Harris and Silberman (1988) for
Pb in inhalable particles of ﬂy ash (b22 μm fraction) extracted with canine serum (a biological ﬂuid selected to mimic the ﬂuid lining human
airways). The mean Pb bioaccessibility obtained for the 5 mine tailings
from Mitrovica (0.29%; % IBAF range: 0.02–1.26) is well below the
values (14.4%, 18.0% and 25.3%) recorded for tailing samples from a
Welsh mine site (Wragg and Klinck, 2007). The large difference observed in inhalation bioaccessibility between these two different studies
may be due to different Pb mineral forms in the samples or differences
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Table 3
Determination of lead in certiﬁed reference and guidance materials: total and inhalation bioaccessible fractions.
Certiﬁed reference
or guidance material

Certiﬁed value
(mg kg−1)

Determined concentration
(mg kg−1)

In vitro inhalation bioaccessibility method (IBM) (mg kg−1 Pb)
Stage I (inhalation bioaccessible fraction)

BCR 038
BCR 143R
BCR 176R
BCR 723
BGS 102

262 ±
174 ±
5000 ±
866 ±
79.4 ±

11
5
500
16
1.4

Total content (Stage I + II)

Mean ± SD (n = 3)

% IBAF

% RSD

Mean ± SD (n = 3)

Mean (n = 3)

% Total recoveryc

252 ±
172 ±
5024 ±
851 ±
70.2 ±

0.8
14.4
190
33.8
3.5

0.3
8.4
3.8
4.0
5.0

7.50
15.3
16.3
8.90
5.70

252
160
4880
832
68.8

253
174
5070
866
72.3

100
101
101
102
103

±
±
±
±
±

0.1
2.2
31
3.0
0.2

b

Stage II (residual digest)

Mean ± SD (n = 3)
3.0
3.0
51
21
3.4

a

±
±
±
±
±

20
2.0
311
18
0.6

BCR 038 (ﬂy ash from pulverised coal);
BCR 143R (sewage sludge amended soil);
BCR 176R (ﬂy ash);
BCR 723 (road dust);
BGS 102 (naturally contaminated soil, from North Lincolnshire).
a
% IBAF: stage related inhalation bioaccessible fraction, calculated as a fraction of the total concentration.
b
% RSD (Relative standard deviation): calculated as (standard deviation / mean)*100.
c
% Total recovery: sum of residual and bioaccessible Pb calculated as a fraction of the total concentration.

in chemical composition of the leaching liquids employed in the studies.
The four smelter samples from Kosovo also exhibited a very low mean %
IBAF (1.20%; range: 0.03–4.60%). Given the variety of composition of
in vitro simulated lung ﬂuids currently in the literature, the fact that
the inhalation bioaccessibility values obtained in this study differ to
ranges previously reported for Pb on similar materials is to be expected.
As previously highlighted, the SELF developed in this study includes antioxidants, large molecular mass proteins (mucin and albumin) and a
surfactant lipid that have the potential to inﬂuence the dissolution kinetics of Pb (Cross et al., 2001; Duranti et al., 2001; Gehr et al., 1994;
Thornton et al., 2008). The extent to which this occurs clearly warrants
further investigation; however this was beyond the scope of the current
project.
4.4. The relevance of inhalation bioaccessibility in estimating potential
human health impacts
Human exposure to airborne contaminants can be estimated by
calculation of respiratory intake or inhalable dose. Exposure to Pb in
the resuspendable (PM10) fraction of surface soils and metallurgic
waste was estimated for adult receptors in the study area. Children
are typically considered the most sensitive receptors, being more at
risk following exposure to Pb because their growing bodies more readily
absorb the Pb and because their tissues are especially sensitive to
damage (Chandramouli et al., 2009). However, as the developed IBM
is based on information available for adults and as children are not
“mini-adults,” either biologically or physically, we modelled our
inhalable dose for an adult receptor.
In order to consider the relevance of the lung bioaccessibility results
in terms of potential human health impacts we need to calculate a daily
exposure to Pb (daily intake (DI) μg kg− 1BW day− 1). This was done
using a modiﬁed version of the literature approach detailed in Chen
et al. (2011):


DI ¼ F Pb TR  PM10  V resp =BW

ð3Þ

In Eq. (3), PM10 is the concentration of particles with a diameter less
than 10 μm (μg m−3); FPb is the mass fraction (total or bioaccessible) of
Pb in the PM10; TR is the tracheobronchial retention, expressed as a
fraction (i.e. the fraction of original intake retained in the respiratory
tract once some of the deposited particles have been cleared by the
bodies various clearance mechanisms); Vresp is the inhalation rate
(m3 day−1); and BW is the body weight (kg). The advantage of using
a mass fraction for the Pb content and a fraction for the tracheobronchial
retention is that the units generate output from the equation directly as
μg kg−1BW day−1.

The parameters used to evaluate the inhalation exposure to Pb in the
Mitrovica samples are summarised in Table 5. Environmental monitoring in the Mitrovica region by Arditsoglou and Samara (2005) reports a
mean (annual) TSP in the local atmosphere of 181 μg m−3. Published ratios of PM10:TSP range from 0.59 to 0.8 in studies where trafﬁc is likely
to be the main source and from 0.37 to 0.53 where mining and industry
are predominant sources (e.g. Berico et al., 1997; Roosli et al., 2000;
Triantafyllou et al., 2006), whilst the U.S. EPA (1995) uses a ratio of 0.5
(PM10:TSP) for windblown dust from aggregate storage areas. In a
recent study measuring PM10 concentrations at locations within
the same study area as ours, a maximum observed concentration of
83 μg m−3 was observed (Shala et al., 2010), consistent with the TSP
value of 181 μg m−3 reported by Arditsoglou and Samara (2005)
when using a PM10:TSP ratio of 0.5. This maximum observed concentration of 83 μg m−3 PM10 was used to model the inhalation dose.
Another factor that inﬂuences the modelled inhalation dose is the
fraction of particulate matter retained in the respiratory tract following
inhalation. As noted earlier, particles inhaled/deposited in the lung are
subject to short-term to long-term retention processes and require
complex multi-compartment models for simulating tracheobronchial
clearance (Sturm, 2007). To apply a tracheobronchial retention factor
(TR) is clearly an oversimpliﬁcation of the system, but at this stage of
procedural development was considered a pragmatic approach. Chen
et al. (2011) applied 75% for lung retention (based on SFT, 1999) whilst
50% retention is reported after about 5 days according to Sturm (2007).
Again taking a conservative approach, the former retention estimate
used by Chen et al. (2011) is applied in this study.
The estimated inhalation dose (for adults) calculated from the total
Pb concentration in PM10 ranged from 0.005 to 0.242 μg kg−1BW day−1
from the topsoils, 0.053–0.446 μg kg− 1BW day− 1 from the tailings,
and 0.369–1.284 μg kg− 1BW day− 1 from the smelter samples. JECFA
(2012) report that an intake of 1.9 μg kg− 1BW day− 1 is associated
with a population decrease of 3 IQ points, whilst a dietary intake of
0.50 μg kg−1BW day−1, derived using the Integrated Exposure Uptake
Biokinetic (IEUBK) model, has been linked to neurodevelopmental
effects in children (ESFA, 2010). Evidence for the impact of even
low-level environmental Pb exposure on human health, behaviour
and cognition is increasing, along with a growing consensus that there
is likely to be no clear threshold, nor linear dose–response relationship,
between Pb exposures in children and neurodevelopmental impacts
(Bellinger, 2008; Budtz-Jørgensen et al., 2013; Chandramouli et al.,
2009; Grandjean, 2010; Jakubowski, 2011; Lanphear, et al., 2005). A
number of recent studies suggest that the threshold for clinical concern
should be reduced to a blood Pb level of 5 μg dL−1 (e.g. Chandramouli
et al., 2009) whilst the European Food Safety Authority (2010) concluded that there is no known safe exposure to Pb. Signiﬁcantly, in the USA,
the California Ofﬁce of Environmental Health Hazard Assessment has

N. Boisa et al. / Environment International 70 (2014) 132–142
Table 4
Descriptive statistics for total and inhalation bioaccessible Pb from the Mitrovica samples.
Smelter (n = 4); topsoil (n = 24); tailings (n = 5).
Matrix

Mean

Total concentration (mg kg−1)
Smelter
43,000
Topsoil
3240
Tailings
8450

Minimum

Maximum

Median

20,900
274
2990

72,800
13,700
25,300

39,200
2280
4720

Inhalation bioaccessible concentration (mg kg−1)
Smelter
272
7.00
Topsoil
202
9.80
Tailings
15.0
0.70
Inhalation bioaccessible fraction (IBAF) (%)
Smelter
1.20
0.03
Topsoil
5.34
0.50
Tailings
0.29
0.02
Total mass recovery (%)
Smelter
101
Topsoil
99.9
Tailings
101

99.3
96.2
98.3

965
1060
49.2

4.60
11.00
1.26

104
104
102

58.0
57.4
10.2

0.08
5.70
0.05

100
99.5
101

developed a 1 μg dL− 1 benchmark for source-speciﬁc incremental
change in blood lead levels for protection of school children and
foetuses (OEHHA, 2009). A similar downward revision of the UK guideline values for Pb would greatly increase the urban land area with soil
considered as hazardous in terms of its Pb content. The recently released provisional category 4 screening levels (pC4SL) for Pb base
their upper modelled pC4SLs on a blood Pb concentration of 5 μg dL−1
(DEFRA, 2013). The resultant UK residential (with home grown produce) pC4SLs for Pb in soil range from 200 to 210 mg kg− 1. This is
lower than even the minimum total Pb concentration observed in the topsoils across Mitrovica (Table 4). Our ﬁndings, however, suggest that Pb
within the extracellular lung environment is not readily bioaccessible in
any of the three sample groups (topsoils; smelter waste; tailings).
When daily inhalation doses were calculated using the bioaccessible Pb
concentration the exposure doses are generally lower, by about two orders of magnitude, than the doses derived from total Pb. The bioaccessible

Bosniak Mahalla

City Centre
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inhalation dose from topsoil extracted PM10 ranged from 0.0002 to
0.0187 μg kg−1BW day−1, 0.0001–0.0170 μg kg−1BW day−1 from smelter
samples, and 0.0001–0.0009 μg kg−1BW day−1 in the tailing samples. For
the general European population, human exposure to Pb is mainly via
food and water with an average adult Pb dietary exposure ranging from
0.36 to 2.43 μg kg−1BW day−1 in high consumers in Europe (EFSA,
2010). Clearly in contexts such as Mitrovica where non-dietary Pb
exposure from soil and dust may not be negligible and may add to the
exposure burden then the inhalation pathway needs to be considered as
part of the overall risk assessment. This may be particularly relevant as
previous work on oral (ingestion) bioaccessiblity in Northern Kosovo
has indicated the high gastric bioaccessibility of Pb present within these
same topsoils (13.40–92.20%; Boisa et al., 2013). Clearly any inhalation
exposure will add to an already elevated Pb burden to which the local
population are exposed.
A recent study using Pb isotopes to investigate the key sources of Pb
in these topsoils from Mitrovica indicated ratios of 206Pb/207Pb and
208
Pb/206Pb that fell between those for smelter waste stored at Gornje
Polje, bedrock from the Mitrovica area and those for Eastern European
petrol combustion residues, with localised inputs from metallurgical
slag resulting from secondary vehicle battery processing. Wind-blown
dispersal of Pb-rich waste from the Zvecan smelter (whilst it was active)
and the Gornje Polje tailings dump are the principal sources (FLUVIO,
2010). The social and economic consequences of limited primary
prevention of exposure to Pb have been reported in the literature,
highlighting the beneﬁts of removing sources of lead exposure (Gould
et al., 2009; Grosse et al., 2002; Pichery et al., 2011; Schwartz, 1994).
5. Conclusion
There is growing concern for the impact of PM on human health.
Studies such as ours which seek to develop robust methods to enhance
the reliability and practicality of assessing release from inhaled particles
are needed if we are to adequately assess the potential health risks associated with exposure to metals in the inhaled fraction. We propose
a new in vitro simulated epithelial lung ﬂuid (SELF) that, in addition to
the full complement of chemical groups present in other formulae,
also contains high molecular mass proteins, antioxidants and a
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Fig. 3. Inhalation bioaccessible Pb concentrations at the different sample locations across Mitrovica. Bosniak Mahalla (n = 4); Mitrovica City Centre (n = 7); internally displaced peoples
camps (IDPs) (n = 6); Roma Mahalla (n = 8); Zharkov Potok (Z-P) and Gornje Polje (G-P) (n = 9). The mean is represented by a circle and the median a solid line through the box.
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Table 5
Variables used in calculating the exposure dose of Pb in PM10.
Parameter

Description

Adult

FPb

Total or bioaccessible Pb concentration range in PM10 (dimensionless)

TR
PM10
Vresp
BW

Tracheobronchial retention
Concentration of particles with an aerodynamic diameter less than 10 μm (μg m−3)
Inhalation rate expressed (m3 day−1)
Body weight expressed (kg)

Total rangea: 0.0003–0.0728
Bioaccessible rangea: 0.000007 to 0.00106
0.75b
83c
17d
60d

a
b
c
d

Reported as mass fraction (mg kg−1 divided by 10−6).
SFT (1999).
Shala et al. (2010).
ESTA (2013).

surfactant. The proposed IBM is designed to mimic the tracheobronchial
tract of the human respiratory system. Given the seemingly contradictory research ﬁndings in the literature on the role of proteins (such as
mucin) and antioxidant reagents with respect to the bioaccessibility of
PHEs, further work is needed in this area. Literature data on the respiratory uptake of PHEs are, in general, limited and difﬁcult to compare due
to the lack of a standard procedure to simulate the in vivo respiratory
uptake. Presently there is no human or animal in vivo data to validate
lung bioaccessibility protocols, although the observed range using our
IBM closely approximates the range of 0.17 to 10.7% reported by
Harris and Silberman (1988) for Pb in inhalable particulates of ﬂy ash
(b22 μm fraction) in canine serum. The development of specialised
ﬂuids to mimic other parts of the human respiratory system may
also be required, possibly as a two, or more, phase process such as
the UBM for gastric and intestinal phases (Wragg et al., 2009).
Particles that get into the distal lung are likely to be phagocytosed by
macrophages and then undergo dissolution in the more acidic
phagolysosomal environment within the cell (Stefaniak, 2005). Work
undertaken on roadside dusts (63–125 μm fraction) by PotgieterVermaak et al. (2012) concluded that the Pb concentration released in
their artiﬁcial lysosomal ﬂuid (pH 4.55) was substantially higher than
that found for their Gamble's solution (pH 7.35) and concluded that
this was linked to the reduced extractant pH. A recent study on nanoparticles (b3 μm) of galena (PbS) also indicated high bioaccessibility
in the modelled human lung environment as a result of phagocytosis
(Beeston et al., 2010). The current literature therefore implies that
inhaled particles would have to be phagocytized before signiﬁcant Pb
dissolution occurs (in the more acidic environment). As such, our
developed IBM, based on SELF with a neutral pH (pH 7.4), may be an
underestimate of the overall lung bioaccessibility, and this must be
considered in any estimates of exposure, particularly where the PM10
fraction is dominated by the smaller “respirable” fraction as it is the
smaller particles that are more likely to be phagocytized.
This paper also reports on the application of our IBM method to determine the Pb inhalation bioaccessibility of urban topsoil (and related
samples) from Mitrovica, Kosovo. Although determined inhalation
bioaccessibilities are generally lower, by about two orders of magnitude,
than those modelled using total Pb concentration, it is widely accepted
that airborne dust from tailings and other urban and industrial processes may represent an important exposure pathway and subsequent risk
to human health. So, whilst the results from our Kosovo study indicate
a low potential inhalation bioaccessibility for Pb (modelled for the neutral pH conditions of the interstitial lung environment), it is not unreasonable to speculate that, under changing climatic conditions (e.g. dry
and arid), or where signiﬁcant prolonged dust or particulate generating
activities are taking place (e.g. unregulated battery reprocessing, demolition and construction sites) or where the inhaled particles are phagocytized, inhalation exposure has a signiﬁcant potential to add to an
already elevated Pb burden experienced by the local population. Such
data are important for local policy makers to better enable them to assess risk, especially for those soils/dusts which have elevated levels of

contamination, providing additional information on potential sources
of Pb exposure.
This paper has focussed solely on the direct inhalation pathway and
consideration of the human health risk via exposure to PHEs requires
assessment of multiple routes (i.e. ingestion, inhalation and dermal
absorption) to allow an overall systemic loading to be derived and
evaluated. Given the signiﬁcance of the inhalation route for certain
PHEs, such as Ni (Environment Agency, 2009b), and in certain contexts
(e.g. dust generating contexts) it is timely that work developing robust
inhalation bioaccessibility protocols receives wider attention by the
bioaccessibility research community. One can only truly deﬁne the
most appropriate in vitro model by comparison with in vivo data. In
the absence of in vivo data our approach was to critically appraise the
literature to contribute to an understanding of the factors pertinent to
the design of simulants of the lung environment and the subsequent experimental protocol for the study of particle dissolution using a static
dissolution technique. Whilst bioaccessiblity in soils is often highly
site-speciﬁc, the results of this study are also of potential wider value,
allowing for the cross-comparisons between studies focusing on the
same element, method and/or media of interest.
Acknowledgements
Support for N. Boisa was provided by Rivers State University, Nigeria,
as part of a PhD programme of research. Support for N. Elom was
provided by Ebonyi State University Abakaliki/Education Trust Fund,
Nigeria, as part of a PhD programme of research. Funding for the ﬁeldwork for sample collection was provided by Post-Telecom Kosovo and
was facilitated by the British Embassy in Kosovo. The authors would like
to thank Mark Macklin and Paul Brewer (Aberystwyth University) for
access to the samples and Mr. Gary Askwith (Northumbria University)
for his technical support in analysing the samples using ICP-MS.
References
Abraham JL, Burnett BR, Hunt A. Development and use of a pneumoconiosis database of
human pulmonary inorganic particulate burden in over 400 lungs. Scanning Microsc
1991;5:95–108.
Abrahams PW. Involuntary soil ingestion and geophagia: a source and sink of mineral
nutrients and potentially harmful elements to consumers of earth materials. Appl
Geochem 2012;27:954–68.
Adamson IY, Prieditis H, Hedgecock C, Vincent R. Zinc is the toxic factor in the lung response to an atmospheric particulate sample. Toxicol Appl Pharmacol 2000;166:
111–9.
Almeida SM, Pio CA, Freitas MC, Reis MA, Trancoso MA. Source apportionment of ﬁne and
coarse particulate matter in sub urban area at the western European coast. Atmos
Environ 2005;39:3127–38.
Ansoborlo E, Chalabreysse J, Escallon S, Henge-Napoli MH. In vitro solubility of uranium
tetraﬂuoride with oxidizing medium compared with in vivo solubility in rats. Int J
Radiat Biol 1990;58:681–9.
Arditsoglou A, Samara C. Levels of suspended particulate matter and major trace elements
in Kosovo: a source identiﬁcation and apportionment study. Chemosphere 2005;59:
669–78.
Artelt S, Kock H, Nachtigall D, Heinrich U. Bioavailability of platinum emitted from
automobile exhaust. Toxicol Lett 1998;96–97:163–7.

N. Boisa et al. / Environment International 70 (2014) 132–142
Bakker AJ. Immunoturbidimetry of urinary albumin: prevention of adsorption of albumin;
inﬂuence of other urinary constituents. Clin Chem 1988;34:82–6.
Ball DF. Loss-on-ignition as an estimate of organic matter and organic carbon in noncalcareous soils. J Soil Sci 1964;15:84–92.
Bansil R, Turner BS. Mucin structure, aggregation, physiological functions and biomedical
applications. Curr Opin Colloid Interface Sci 2006;11:164–70.
Bansil R, Stanley E, LaMont JT. Mucin biophysics. Annu Rev Physiol 1995;57:635–57.
Beeston MP, van Elteren JT, Selih VS, Fairhurst R. Characterization of artiﬁcially generated
PbS aerosols and their use within a respiratory bioaccessibility test. Analyst 2010;
135:351–7.
Bellinger D. Very low lead exposures and children's neurodevelopment. Curr Opin Pediatr
2008;20:172–7.
Berico M, Luciani A, Formignani M. Atmospheric aerosol in an urban area — measurements
of TSP and PM10 standards and pulmonary deposition assessments. Atmos Environ
1997;31:3659–65.
Bi X, Feng Y, Wu J, Zhu T. Source apportionment of PM10 in six cities of northern China.
Atmos Environ 2007;41:903–12.
Birmili W, Allen AG, Bary F, Harrison RM. Trace metal concentrations and water solubility
in size-fractionated atmospheric particles and inﬂuence of road trafﬁc. Environ Sci
Technol 2006;40:1144–53.
Boisa N, Bird G, Brewer PA, Dean JR, Entwistle JA, Kemp SJ, et al. Potentially harmful
elements (PHEs) in scalp hair, soil and metallurgical wastes in Mitrovica, Kosovo:
the role of oral bioaccessibility and mineralogy in human PHE exposure. Environ
Int 2013;60:56–70.
Bredberg A, Gobom J, Almstrand A-C, Larsson P, Blennow K, Olon A-C, et al. Exhaled
endogenous particles contain lung proteins. Clin Chem 2012;58:431–40.
Bromberg LE, Barr DP. Self-association of mucin. Biomacromolecules 2000;1:325–34.
Budtz-Jørgensen E, Bellinger D, Lanphear B, Grandjean P. An international pooled analysis
for obtaining a benchmark dose for environmental lead exposure in children. Risk
Anal 2013;33:450–61.
Caboche J, Esperanza P, Bruno M, Alleman LY. Development of an in vitro method to estimate lung bioaccessibility of metals from atmospheric particles. J Environ Monit
2011;13:621–30.
Cadwell RA, Crubb BR, Tarran R, Boucher RC, Knowles MR, Barker PM. In vivo airway surface liquid Cl− analysis with solid-state electrodes. J Gen Physiol 2002;119:3–14.
Canepari S, Cardarelli E, Giuliano A, Pietrodangelo A. Determination of metals, metalloids
and non-volatile ions in airborne particulate matter by a new two-step sequential
leaching procedure: part A: experimental design and optimization. Talanta 2006;
69:581–7.
Canepari S, Astolﬁ ML, Moretti S, Curini R. Comparison of extracting solutions for elemental fractionation in airborne particulate matter. Talanta 2010;82:834–44.
Cantin AM, Fells GA, Hubbard RC, Crystal RG. Antioxidant macromolecules of the epithelial lining ﬂuid of the normal human lower respiratory tract. J Clin Invest 1990;86:
962–71.
Cao X, Bansil R, Bhaska R, Turner BS, LaMont T, Niu N, et al. pH dependent conformational
change of gastric mucin lead to sol-gel transition. Biophys J 1999;76:1250–8.
CDC. Recommendations for Preventing lead poisoning among the internally displaced
Roma population in Kosovo from the Centers for Disease Control and Prevention.
Atlanta: U. S. Centers for Disease Control and Prevention; 2007.
Chandramouli K, Steer CD, Ellis M, Emond AM. Effects of early childhood lead exposure on
academic performance and behaviour of school age children. Br Med J 2009;94:
844–8. http://dx.doi.org/10.1136/adc.2008.149955.
Chen Y, Wang J, Shi G, Sun X, Chen Z, Xu S. Human health risk assessment of lead pollution in atmosphere deposition in Baoshan district, Shanghai. Environ Geochem
Health 2011;33:515–23.
Colombo C, Hooker PJ, Nathanail CP. Risk based characterization of lead in urban soils.
Chem Geol 2008;226:340–51.
Cooper B, Creeth JM, Donald ASR. Studies of the limited degradation of mucus glycoproteins. The mechanism of the peroxide reaction. Biochem J 1985;228:615–26.
Cross CE, van der Vliet A, O'Neill CA, Louie S, Halliwell B. Oxidants, antioxidants, and
respiratory tract lining ﬂuids. Environ Health Perspect 1994;102:185–91.
Cross CE, Louie S, Kwack S, Wong P, Sharanya R, Vliet AVD. Atmospheric oxidants and
respiratory tract surfaces. In: Fuchs J, Packer L, editors. Environmental stressors in
health and disease. New York: Mercel Decker, Inc.; 2001. p. 225–36.
Davies NM, Feddah MR. A novel method for assessing dissolution of aerosol inhaler products. Int J Pharm 2003;255:175–87.
DEFRA. Provisional C4SLs for lead. Appendix H. SP1010 — Development of Category 4
Screening Levels for Assessment of Land Affected by Contamination. Contaminated
Land: Applications in Real Environments (CL:AIRE); 2013.
Drysdale M, Bjorklund KL, Jamieson HE, Weinstein P, Cook A, Watkins RT. Evaluating the
respiratory bioaccessibility of nickel in soil through the use of simulated lung ﬂuid.
Environ Geochem Health 2012;34:279–88.
Duranti M, Scarafoni A, Cataldo AD, Sessa F. Interaction of metal ions with lupin seed
conglutin γ. Phytochemistry 2001;56:529–33.
Environment Agency. Human health toxicological assessment of contaminants in soil.
Science Report — SC050021/SR2. UK: Environment Agency; 2009a.
Environment Agency. Soil guideline values for nickel in soil. Science Report — SC050021/
Nickel SGV. UK: Environment Agency; 2009b.
European Environment Agency. Particulate matter (PM10) 2009. Annual limit value for the
protection of human health. http://www.eea.europa.eu/data-and-maps/ﬁgures/particulate-matter-pm10-annual-limit-value-for-the-protection-of-human-health-3, 2011.
European Food Safety Authority (EFSA). EFSA Panel on Contaminants in the Food Chain
(CONTAM); scientiﬁc opinion on lead in food. EFSA J 2010;8:1–147.
Fick RB, Naegel GP, Squier SU, Wood RE, Gee BL, Reynolds HY. Proteins of the cystic ﬁbrosis respiratory tract. Fragmented immunoglobulin G opsonic antibody causing defective opsonophagocytosis. J Clin Invest 1984;74:236–48.

141

Fischer H, Widdecombe JH. Mechanism of acid and base secretion by airway epithelium. J
Membr Biol 2006;211:139–50.
Fluvio. Geochemical assessment of soils in Roma Mahalla, Mitrovica, Kosovo: implications
for the proposed resettlement of families presently living in the Osterode and Cesmin
Lug Camps. Fluvio report No.2010/02/66; 2010.
Gehr P, Schurch S, Hof VI, Geiser M. Inhaled particles deposited in the airways are
displaced towards the epithelium. Ann Occup Hyg 1994;38:197–202.
Ghio AJ, Devlin RB. Inﬂammatory lung injury after bronchial instillation of air pollution
particles. Am J Respir Crit Care Med 2001;164:704–8.
Godleski JJ, Clarke RW, Coull BA, Saldiva PHN, Jiang N-F, Lawrence J. Composition of inhaled urban air particles determines acute pulmonary responses. Ann Occup Hyg
2002;46:419–24.
Gould E. Childhood lead poisoning: conservative estimates of the social and economic
beneﬁts of lead hazard control. Environ Health Perspect 2009;117:1162–7.
Grandjean P. Even low-dose lead exposure is hazardous. Lancet 2010;376:855–6.
Gray JE, Plumlee GS, Morman SA, Higueras PL, Crock JG, Lowers HA, et al. In vitro studies
evaluating leaching of mercury from mine waste calcine using simulated human
body ﬂuids. Environ Sci Technol 2010;44:4782–8.
Gregory TJ, Lonmore WJ, Moxley MA, Whitsett JA, Reed CR, Fowler Aa, et al. Surfactant
chemical composition and biophysical activity in acute respiratory distress syndrome.
J Clin Invest 1991;88:1976–81.
Griese M. Pulmonary surfactant in health and human lung diseases: state of the art. Eur
Respir J 1999;13:1455–76.
Grifﬁths PC, Occhipinti P, Morris C, Heenan RK, King SM, Gumbleton M. PGSE-NMR and
SANS studies of the interaction of model polymer therapeutics with mucin.
Biomacromolecules 2010;11:120–5.
Grosse SD, Matte TD, Schwartz J, Jackson RJ. Economic gains resulting from the reduction
in children's exposure to lead in the United States. Environ Health Perspect 2002;110:
563–9.
Hamm H, Kroegel C, Hohlﬁeld J. Surfactant: a review of its functions and relevance in
adult respiratory disorders. Respir Med 1996;90:251–70.
Harrad S, Wijesekera R, Hunter S, Halliwell C, Baker R. Preliminary assessment of U.K.
human dietary and inhalation exposure to polybrominated diphenyl ethers. Environ
Sci Technol 2004;38:2345–50.
Harrington JM, Bargar JR, Jarzeck AA, Roberts JG, Sombers LA, Duckwortt OW. Trace metal
complexation by the triscatecholate siderophore protochelin: structure and stability.
Biometals 2012;25:393–412.
Harris WR, Silberman D. Time-dependent leaching of coal ash by chelating agents.
Environ Sci Technol 1983;17:139–46.
Harris WR, Silberman D. Leaching of metal ions from ﬂy ash by canine serum. Environ Sci
Technol 1988;22:109–12.
Hasegawa S, Ichiyama T, Sonaka I, Ohsaki A, Okada S, Wakiguchi S, et al. Cysteine,
histidine and glycine exhibit anti-inﬂammatory effects in human coronary arterial
endothelial cells. Clin Exp Immunol 2012;167:269–74.
Hoffman W, Asgharian B. The effect of lung structure and mucociliary clearance and
particle retention in human and rat lungs. Toxicol Sci 2003;73:448–56.
Holliday AH. Gamble and Darrow: pathﬁnders in body ﬂuid physiology and ﬂuid therapy
for children, 1914–1964. Paediatr Nephrol 2000;15:317–24.
Hughes TR, Klotz IM. Metal-protein complexes. In: Glick D, editor. Methods of biochemical analysis, vol. III. London: Interscience Publishers; 1956. p. 265–99.
Hull J, Skinner W, Robertson C, Phelan P. Elemental content of airway surface liquid from
infants with cystic ﬁbrosis. Am J Respir Crit Care Med 1998;157:10–4.
Human Rights Watch. Kosovo: poisoned by lead. A health and human rights crisis in
Mitrovica's Roma camps. New York: Human Rights Watch; 2009.
Hunt A, Abraham JL, Judson B, Berry CL. Toxicologic and epidemiologic clues from the
characterization of the 1952 london smog ﬁne particulate matter in archival autopsy
lung tissues. Environ Health Perspect 2003;111:1209–14.
Hur SJ, Lim BO, Decker EA, McClements DJ. In vitro human digestion models for food
applications. Food Chem 2009;125:1–12.
Intawongse M, Dean JR. In vitro testing for assessing oral bioaccessibility of trace metals in
soils and food samples. Trends Anal Chem 2006;25:876–86.
Jakubowski M. Low-level environmental lead exposure and intellectual impairment in
children - the current concepts of risk assessment. Int J Occup Med Environ Health
2011;24:1–7.
Jayaraman S, Song Y, Vetrivel L, Shankar L, Verkman AS. Non-invasive in vivo ﬂuorescence
measurement of airway-surface liquid depth, salt concentration, and pH. J Clin Invest
2001;107:317–24.
JECFA (Joint FAO/WHO Expert Committee On Food Additives). Summary report of the
seventy-sixth meeting of JECFA, Geneva; 2012. p. 16 [5-14 June].
Johansson J, Curstedt T, Robertson B. The proteins of the surfactant system. Eur Respir J
1994;7:372–91.
Jones-Otazo HA, Clarke JP, Diamond ML, Archbold JA, Ferguson G, Harner T, et al. Is house
dust the missing exposure pathway for PBDEs? Analysis of the urban fate and human
exposure to PBDEs. Environ Sci Technol 2005;39:5121–30.
Joris L, Dab I, Quinton PM. Elemental composition of human airway surface ﬂuid in
healthy and diseased airways. Am Rev Respir Dis 1993;148:1633–7.
Kanapilly GM, Raabe OG, Goh GHT, Chimenti RA. Measurement of in vitro dissolution of
aerosol particles for comparison to in vivo dissolution in the lower respiratory tract
after inhalation. Health Phys 1973;24:497–507.
Kelly FJ. Glutathione: in defence of the lung. Food Chem Toxicol 1999;37:963–6.
Kendall M. Fine airborne particles (PM2.5) sequester lung surfactant and amino acids from
human ling lavage. Am J Physiol Lung Cell Mol Physiol 2007;293:1053–8.
Khanvilkar K, Donovan MD, Flanagan DR. Drug transfer through mucus. Adv Drug Deliv
Rev 2001;48:173–93.
Kirkham P, Rahman I. Oxidative stress in asthma and COPD: antioxidants as a therapeutic
strategy. Pharmacol Ther 2006;111:476–94.

142

N. Boisa et al. / Environment International 70 (2014) 132–142

Knowles MR, Robinson JM, Wood RE, Pue CA, Mentz WM, Wager GC, et al. Ion composition of low-molecular-mass antioxidant concentrations in human respiratory tract
lining ﬂuids. J Clin Invest 1997;100:2588–95.
Lamer C, Beco VD, Soler P, Calvat S, Gagon J-Y, Dombret M-C. Analysis of vancomycin
entry into pulmonary lining ﬂuid by bronchoalveolar lavage in critically ill patients.
Antimicrob Agents Chemother 1993;37:281–6.
Lanphear BP, Hornung R, Khoury J, Yolton K, Baghurst P, Bellinger D, et al. Low-level environmental lead exposure and children's intellectual function: an international
pooled analysis. Environ Health Perspect 2005;113:894–9.
Lee S, Muller M, Rezwan K, Spencer ND. Porcine gastric mucin (PGM) at the water / poly
(methylsiloxane) (PDMS) interface: inﬂuence of pH and ionic strength on its conformation, adsorption, and aqueous lubrication properties. Langmuir 2005;21:8344–53.
Lim J-M, Lee J-M, Moon J-H, Chung Y-S, Kim K-H. Source apportionment of PM10 at a
small industrial area using positive matrix factorization. Atmos Res 2010;95:88–100.
Lippman M, Yeates DB, Albert RE. Deposition, retention, and clearance of inhaled particles.
Br J Ind Med 1980;37:337–62.
Ljung K, Siah WS, Devine B, Maley F, Wensinger A, Cook A, et al. Extracting dust from soil:
improved efﬁciency of previously published process. Sci Total Environ 2011;
410–411:269–70.
Lohninger A, Saizer H, Simbruner G, Hussien P, Martin G. Relationships among human
amniotic ﬂuid dipalmitoyl lecitin, postpartum respiratory compliance, and neonatal
respiratory distress syndrome. Clin Chem 1983;29:650–5.
Luo XS, Yu S, Li XD. Distribution, availability, and sources of trace metals in different particle size fractions of urban soils in Hong Kong: implications for assessing the risk to
human health. Environ Pollut 2011;159:1317–26.
Marcazzan GM, Ceriani M, Valli G, Vecchi R. Source apportionment of PM10 and PM2.5 in
Milan (Italy) using receptor modelling. Sci. Total Environ. 2003;317:137–47.
Margues MCR, Leobenberg R, Almukainzi M. Simulated biological ﬂuids with possible application in dissolution testing. Dissolution Technol 2011;18:15–28.
McShane D, Davies JC, Davies MG, Bush A, Geddes DM, Alton EW. Airway surface pH in
subjects with cystic ﬁbrosis. Eur Respir J 2003;21:37–42.
Merget R, Rosner G. Evaluation of the health risk of platinum group metals emitted from
automotive catalytic converters. Sci Total Environ 2001;270:165–73.
Miserocchi G. Physiology and pathophysiology of pleural ﬂuid turnover. Eur Respir J
1997;10:219–25.
Moss OR. Simulant of lung interstitial ﬂuid. Health Phys 1979;36:447–8.
Noppen M, Waele MD, Li R, Cucht KV, D'Haese H, Gerlo E, et al. Volume and cellular
content of normal pleural ﬂuid in humans examined by pleural lavage. Am J Respir
Crit Care Med 2000;162:1023–6.
Ofﬁce of Environmental Health Hazard Assessment (OEHHA). Integrated Risk Assessment
Branch, California Environmental Protection Agency. Revised California Human
Health Screening Levels for Lead; 2009.
Oomen AG, Hack A, Minekus M, Zeijdner E, Cornelis C, Schoeters G, et al. Comparison of
ﬁve in vitro digestion models to study the bioaccessibility of soil contaminants. Environ Sci Technol 2002;36:3326–34.
Pichery C, Bellanger M, Zmirou-Navier D, Glorennec P, Hartemann P, Grandjean P. Childhood lead exposure in France: beneﬁt estimation and partial cost-beneﬁt analysis of
lead hazard control. Environ Health 2011;10:44. http://dx.doi.org/10.1186/1476069X-10-44.
Pison U, Gono E, Joka T, Obertacke U, Obladen M. High-performance liquid chromatography of adult human bronchoalveolar lavage: assay for phospholipid lung proﬁle. J
Chromatogr B Biomed Sci Appl 1986;377:79–89.
Potgieter-Vermaak S, Rotondo G, Novakovic V, Rollins S, Van Grieken R. Componentspeciﬁc toxic concerns of the inhalable fraction of urban road dust. Environ Geochem
Health 2012;34:689–96.
Roosli M, Braun-Fahrlander C, Kunzli N, Oglesby L, Theis G, Camenzind M, et al. Spatial
variability of different fractions of particulate matter within an urban environment
and between urban and rural sites. J Air Waste Manag Assoc 2000;50(7):1115–24.
Ruby MV, Schof R, Brattin W, Goldade M, Harnois PM, Mosby DE, et al. Advances in evaluating the oral bioavailability of inorganic in soil for use in human health risk assessment. Environ Sci Technol 1999;33:3697–705.
Santos MD, Gomez D, Dowidowski L, Gautier E, Smichowski P. Determination of water
soluble and insoluble compounds in size classiﬁed airborne particulate matter.
Microchem J 2009;91:133–9.
Schwartz J. Societal beneﬁts of reducing lead exposure. Environ Res 1994;66:105–24.
Sexton K, Callahan MA, Bryan EF. Estimating exposure and dose to characterize health
risks: the role of human tissue monitoring in exposure assessment. Environ Health
Perspect 1995;103:13–29.

SFT. Guidelines on risk assessment of contaminated sites, SFT Report 99.06. Norwegian
Pollution Control Authority. Norway: SFT; 1999.
Shala F, Dragusha B, Sadiku M. Air pollution in the area around the Mining Complex
Trepça in Kosovo. In: Rosen MA, Perryman R, Dodds S, Muzi F, Yuli W, Polkowska
Z, Jelenska M, Sobik M, editors. Recent advances in energy and environment. Energy
and Environmental Engineering SeriesWSEAS Press; 2010. p. 310–4.
Stebounova LV, Adamcakova-Dodd A, Kim JS, Park H, O'Shaughnessy PT, Grassian VH, et al.
Nanosilver induces minimal lung toxicity or inﬂammation in a subacute murine inhalation model. Part Fibre Toxicol 2011;8:5. [http://www.particleandﬁbretoxicology.
com/content/8/1/5].
Stefaniak AB, Guilmette RA, Day GA, Hoover MD, Breysse PN, Scripsick RC. Characterization of phagolysosomal simulant ﬂuid for study of beryllium aerosol particle dissolution. Toxicol In Vitro 2005;19:123–34.
Stöber W, McClellan RO. Pulmonary retention and clearance of inhaled biopersistent
aerosol particles: data-reducing interpolation models and models of physiologically
based systems. Crit Rev Toxicol 1997;27:539–98.
Stopford W, Turner J, Cappellini D, Brock T. Bioaccessibility testing of cobalt compounds. J
Environ Monit 2003;5:675–80.
Sturm R. A computer model for clearance of insoluble particles from the tracheobronchial
tree of the human lung. Comput Biol Med 2007;37:680–90.
Su TJ, Lu JR, Thomas RK, Cui ZF, Penfold J. The conformational structure of bovine serum
albumin layers adsorbed at the silica-water interface. J Phys Chem B 1998;102:8100–8.
Takaya M, Shinohara Y, Serita F, Ono-Ogasawara M, Otaki N, Toya T, et al. Dissolution of
functional materials and rare earth oxides into pseudo alveolar ﬂuid. Ind Health
2006;44:639–44.
Taunton AE, Gunter ME, Druschel GK, Wood SA. Geochemistry in the lung: reaction-path
modelling and experimental examination of rock forming minerals under physiologic
conditions. Am Mineral 2010;95:1624–35.
Thornton DJ, Rousseau K, McGuckin MA. Structure and function of polymeric mucins in
airways mucus. Annu Rev Physiol 2008;70:459–86.
Triantafyllou AG, Zoras S, Evagelopoulos V. Particulate matter over a seven year period in
urban and rural areas within, proximal and far from mining and power station operations in Greece. Environ Monit Assess 2006;122(1–3):41–60.
Twining J, McGlinn P, Loi E, Kath S, Giere R. Risk ranking of bioaccessible metals from ﬂy
ash dissolved in simulated lung and gut ﬂuids. Environ Sci Tech 2005;39:7749–56.
U.S. EPA. Risk assessment guidance for Superfund volume I: human health evaluation
manual supplemental guidance, “Standard default exposure factors.” Interim ﬁnal.
OSWER directive 9285.6-03. http://www.epa.gov/oswer/riskassessment/pdf/oswer_
directive_9285_6-03.pdf, 1991.
U.S. EPA. Compilation of air pollutant emission factors. Ofﬁce of air quality planning and
standardsFifth ed. 1995.
United Nations Environment Programme (UNEP). Case study on lead and heavy metal contamination in Mitrovica, Kosovo — Environmental risks from abandoned mining and
mineral processing operations in Northern Kosovo. Review and data analysis: First
draft; 2010 [http://www.chem.unep.ch/pb_and_cd/documents/unep_mitrovica_case_
study.pdf (accessed January 6, 2013)].
Vanbever R, Mintzes JD, Wang J, Nice J, Chen D, Batycky R, et al. Formation and physical
characterisation of large porous particles for inhalation. Pharm Res 1999;16:1735–42.
Vanthanouvong V, Roomans GM. Methods for determining the composition of nasal ﬂuid
by X-ray microanalysis. Microsc Res Tech 2004;63:122–8.
Vliet AVD, O'Neill CA, Cross CE, Koosta JM, Volz WG, Halliwell B, et al. Determination of
low-molecular-mass antioxidant concentrations in human respiratory tract lining
ﬂuids. Am J Physiol Lung Cell Mol Physiol 1999;276:289–96.
Voutsa D, Samara C. Labile and bioaccessible fractions of heavy metals in the airborne particulate matter from urban and industrial areas. Atmos Environ 2002;36:3583–90.
Wragg J, Cave MR. In vitro methods for measurement of oral bioaccessibility of selected
metals and metalloids in soils: a critical review. R&D Technical Report P5-062/TR/
01. Bristol, UK: Environment Agency; 2003.
Wragg J, Klinck B. The bioaccessibility of lead from Welsh mine waste using a respiratory
uptake test. J Environ Sci Health A Tox Hazard Subst Environ Eng 2007;42:1223–31.
Wragg J, Cave M, Taylor H, Basta N, Brandon E, Casteel S, et al. Inter-laboratory trial of a
uniﬁed bioaccessibility procedure. Chemical & Biological Hazard Programme Open
Report (OR/07/027). Swindon, UK: Natural Environment Research Council; 2009.
Zhang Y, Engelhardt JF. Airway surface volume and Cl content in cystic ﬁbrosis and normal bronchial xenografts. Cell Physiol 1999;276:469–76.
Zoitos BK, De Meringo A, Rouyer E, Bauer S, Thelohan J, Law B, et al. In vitro measurement
of ﬁber dissolution rate relevant to biopersistence at neural pH: an interlaboratory
round robin. Inhal Toxicol 1997;9:525–40.

