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ABSTRACT: Epidemiological studies in urban areas have linked
increasing respiratory and cardiovascular pathologies with atmospheric particulate matter (PM) from anthropic activities. However, the biological fate of metal-rich PM industrial emissions in
urban areas of developed countries remains understudied. Lead
toxicity and bioaccessibility assessments were therefore performed
on emissions from a lead recycling plant, using complementary
chemical acellular tests and toxicological assays, as a function of PM
size (PM10 2.5, PM2.5 1 and PM1) and origin (furnace, reﬁning
and channeled emissions). Process PM displayed diﬀerences in
metal content, granulometry, and percentage of inhalable fraction as a function of their origin. Lead gastric bioaccessibility was
relatively low (maximum 25%) versus previous studies; although, because of high total lead concentrations, signiﬁcant metal
quantities were solubilized in simulated gastrointestinal ﬂuids. Regardless of origin, the ﬁnest PM1 particles induced the most
signiﬁcant pro-inﬂammatory response in human bronchial epithelial cells. Moreover, this biological response correlated with prooxidant potential assay results, suggesting some biological predictive value for acellular tests. Pulmonary eﬀects from lead-rich PM
could be driven by thiol complexation with either lead ions or directly on the particulate surface. Finally, health concern of PM was
discussed on the basis of pro-inﬂammatory eﬀects, accellular test results, and PM size distribution.

’ INTRODUCTION
Particulate matter (PM) can induce adverse eﬀects on human
health,1 3 depending on its characteristics.4 Lead is frequently
present in anthropogenic atmospheric PM, and in particular from
metal treatment plants.5 The environmental impact of particles
emitted by a lead recycling plant has been reported, revealing
foliar lead uptake by vegetables in the surroundings.6 In contrast
with urban PM, largely derived from traﬃc emissions, which is
mainly associated with short-term eﬀects resulting in airway
inﬂammation and respiratory diseases, lead-rich PM is fundamentally diﬀerent in terms of composition and poses both short
and long-term health risks because of its toxicity and persistence
in ionic and particulate form. Therefore, lead-rich PM emissions
from metal treatment plants are an important health issue for
workers and local residents.
Lead PM enters the human body mainly through inhalation
and ingestion; with inhalation being the major exposure route at
the workplace.7 Following lead-rich PM inhalation, deposition

rates in lungs are estimated to be 30 50%,7 with an alveolar
absorption rate of >90% of the deposited amount. One of the
main toxic eﬀects of lead is caused by its ability to bind to
biomembrane structures, altering their function.8,9 Lead(II) can
then quickly combine with thiol groups, leading to depletion of
glutathione (GSH) (a cellular antioxidant) and disruption of the
prooxidant/antioxidant cellular balance.10 Thus, oxidative stress
is a secondary mechanism of lead toxicity.11 In fact, both acellular
assays (Dithiothreitol (DTT) test)12 and in vitro biological
assays of common PM target cells (e.g., macrophages or respiratory epithelial cells)13 have been used to measure PM-induced
oxidative stress.
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Although lead PM ingestion is a secondary exposure route in
adults; it is the main pathway by which children are exposed to
lead: via ingestion of contaminated dust and soil.14 Moreover,
inhaled PM can be secondarily ingested during removal of
particles from the respiratory tract by the mucociliary escalator.15
Thus, the lead fraction that reaches the circulatory system (i.e.,
that which is bioavailable) following exposure to Pb-rich PM is
controlled by the amount of Pb that is solubilized into gastric and
intestinal ﬂuids.16 Lead bioaccessibility is deﬁned as the maximal
in vitro amount of lead solubilized by sequential extraction with
synthetic digestive ﬂuids.17
Because the mechanisms involved in PM-mediated health
eﬀects are complex, numerous complementary tests must be
used. In addition, most studies have dealt with urban PM,18,19
while knowledge of industrial lead-rich process PM is limited.
Moreover, available studies have focused on a single exposure
route or biological end point, such as oxidative stress,20 inﬂammation,2 or bioaccessibility.21 Therefore, the aim of the
present study was to characterize the fate and the impact of
lead-rich PM following inhalation or ingestion, combining
acellular assays of bioaccessibility and the oxidative potential of
lead-rich process PM with an in vitro cellular assay of proinﬂammatory potential using bronchial epithelial cells. Moreover, hypotheses for mechanisms involved were proposed and
correlation between biological and chemical in vitro tests was
studied.

’ MATERIALS AND METHODS
Particle Sampling and Characterization. A secondary lead
smelter for battery recycling in urban area was studied. Process
PM associated with this plant has been previously described in
Uzu et al.22 Three sources of harmful particles directly impacting
workers and the environment were identified: (i) ambient air
from rotary furnaces (hereafter specified as Furnace PM); (ii)
ambient air from refinery where lead is purified from unwanted
metals or enriched (Refining PM); and (iii) channeled emissions
which evacuate fumes and gases from the furnace to outside of
the factory (Emissions PM). PMtot in the ambient air in the
Furnace and Refinery working units was 100 700 μg 3 m 3 and
70 200 μg 3 m 3, respectively. Three months after complete
cleaning of the two work units, 1 kg of settled down (2 m high
sheet) PM from ambient air from furnaces and refinery working
units was collected in polyethylene bags by surface wiping.
According to Uzu et al.22 that PM collection of fallouts on beams
(not only larger particles) is representative of three months
emission period. Emission PM was also collected from electrofilters used in the facility. PM samples were passed through a
certified 2-mm stainless sieve before storage at 4 C in sealed
opaque containers with Merck desiccant.
A part of sampled PM was size-segregated by air resuspension
in Teﬂon bags (compressed air) and impaction in a PM10/2.5/1
cascade using a Dekati inertial impactor, leading to nine PM sets
(3 sources  3 sizes): coarse (PM10 2.5 particles with an
aerodynamic diameter between 2.5 and 10 μm), ﬁne
(PM2.5 1), and PM1 (diameter <1 μm).23 The impactor consists
of successive stages, with aerodynamic cutoﬀ diameters of 10, 2.5,
and 1 μm when operated with 10 L min 1 airﬂow. The other part
of PM was not-size segregated (kept as raw PM) and was noted as
PMtot. Supplementary details on particle sampling and size
segregation are also available in Uzu et al. 2009, 2010, and
20116,22,24. Finally, size-segregated PM sets (PM10 2.5/2.5 1/<1)

and PMtot were kept dry in black containers with desiccant at
4 C before use for acellular bioaccessibility and oxidative
potential assays, as well as for cellular in vitro toxicity tests.
PMtot was used for size distribution measure by laser granulometric analysis after dispersion in ethanol and a 10 min sonication using a Malvern Mastersizer S (in the range 0.05 900 μm).
The elemental lead content of PMtot/10 2.5/2.5 1/<1 samples
was determined by inductively coupled plasma-mass spectrometry ICP-MS, Agilent Technologies, after heated digestion with
standard acid (0.4 g of PM in a 3 mL mixture of 37% HCl:70%
HNO3 (3:1) and 20 μL of HF) in a PTFE vessel. In previous
studies, the main species identiﬁed included PbS, PbSO4, PbO 3
PbSO4, PbO, PbCO3, Pb0, Na2SO4, and ZnSO4.22,24
Gastric/Gastrointestinal Bioaccessibility Assay. Lead
bioaccessibility was assessed using the Unified Barge Method
(UBM)25 validated with an in vivo model (young swine) for Pb,
Cd, and As.26 UBM test performed at 37 C first simulates
chemical processes occurring in the mouth and stomach (gastric
phase, pH 1.0), followed by the intestines (gastrointestinal phase,
pH 6.5), using synthetic digestive solutions.27 UBM bioaccessibility tests were conducted in triplicate only on PMtot and
PM2.5 1 fractions (insufficient quantities were available for the
other size fractions). Briefly, 0.1 g of PM was added to 9 mL of
artificial saliva (pH 6.5), shaken for 5 min, then 13.5 mL of gastric
solution (pH 1.0) was added and the pH of the solution was
adjusted to 1.2 using HCl suprapur 37%. The suspension was
mixed using an end-over-end rotation at 37 C for 1 h and the pH
was adjusted with HCl 37% to 1.2 1.7. The gastric phase was
then extracted by centrifugation at 3000g for 5 min and Pb
concentration in the solution was then measured by inductively
coupled plasma-optical emission spectrometry (ICP-OES; Jobin
Yvon). In parallel, a gastrointestinal extraction was carried out on
a second sample of the same particles. Following the stomach
step as described above, bile and intestinal solution27 were added
and pH was subsequently increased to reach a pH in the range
5.8 6.8. Solutions were mixed end-over-end for a further 4 h and
centrifuged at 3000g. Pb concentration was measured in the
supernatant (gastro-intestinal phase). The accuracy of the UBM
extraction was checked using the NIST reference materials SMR
2710 and 2711 (Pb contents 5510 mg 3 kg 1 and 1096 mg 3 kg 1).
According to the in vitro bioaccessibility test used in this work,
Pb recovery in the two reference materials was 100% for SMR
2710 and 98% for 2711. In a manner similar \to the test soil
samples, the bioaccessibility values were significantly higher for
the saliva-gastric phase than for the intestinal phase (R = 5%).
For each phase, bioaccessibility was significantly different among
soil samples (R = 5%). For the saliva-gastric phase, the bioaccessibility value reached 87.9% of the total Pb content for NIST
2710 and 85% for NIST 2711. In the intestinal phase, the
bioaccessibility value reached 25% of the total Pb content for
NIST 2710 and 13% for NIST 2711.
Assay of the Intrinsic Oxidative Potential of the PM. Particle Suspensions. A stock suspension of 50 mg PM 3 L 1 was
prepared in surfactant media (Tween 80 0.6 mg 3 L 1, Fluka
BioChemika) and sonicated for 15 min at 180 W in a 30 C water
bath (Ultrason Bransonic 5210) just prior the assay.
DTT Assay. The DTT chemical assay provides a measure of the
intrinsic capacity of particles to catalyze electron transfer between reducing DTT (DTT E0 = 0.33 V) and oxygen. The
procedure used is described in Sauvain et al.,28 and further
detailed in the Supporting Information.

Table 1. Total Lead Content in Process Particles According to Their Size and Their Solubility in Tween 0.6 mg 3 L
emissions
size (μm)
Pb contents (mass%) ( 0.5%
a

solubility in Tween 0.6 mg 3 L-1 (% of total lead) ( 0.5%

PMtot PM10
a

61.2
n.a

2.5

PM2.5

a

57

3.2

59.4
3.5

reﬁning
1

PM1 PMtot PM10
a

59.0+ 41.3
3.3

n.a

2.5
a

1

furnace

PM2.5
a

45.0

41.8

4.8

3.4

1

PM1 PMtot PM10
a

24.7+ 45.0
8.5

n.a

2.5
a

PM2.5
a

1

PM1

45.2

39.9

31.4+

n.a

4.5

6.6

* Diﬀerent from respective PM1; + diﬀerent from other PM1 (p < 0.01, n = 3) as measured by a LSD ﬁsher test (ANOVA one factor). n.a: not analyzed

Figure 1. Gastric and gastrointestinal bioaccessibility values for PMtot
and PM2.5 1. Results are expressed as the percent of total lead content
that was soluble. n.a: not-analyzed because of lack of material. Error bars
correspond to the standard deviation of 3 replicates.* statistically
diﬀerent from respective PMtot for gastric values, + statistically diﬀerent
from respective PMtot for gastrointestinal values (p < 0.05, one-way
ANOVA, LSD Fisher test).

Lead Solubility from PM Samples during the DTT Test. The
solubility of lead from PM samples in surfactant media (Tween
80 0.6 mg 3 L 1) during the DTT test was assessed to better
understand the mechanisms involved in the assay (details in the
Supporting Information).
In vitro Cytotoxicity and Inflammation Assays. Particles.
Stock PM suspensions were made at a concentration of 2
mg 3 mL 1 in DMEM/F12 cell culture media (Dulbecco Modified Eagle Medium Nutrient Mix F-12, Invitrogen) and stored at
20 C before use. Suspensions were sonicated three times for
20 s at 60 kW (to favor desegregation) and diluted in cell culture
medium without Ultroser G.
Cell Culture Conditions, Cytotoxic Assay, and Cytokine
Assay. Cells were grown to subconfluence and exposed to PM
suspensions. A cell proliferation reagent, the water-soluble tetrazolium salt (WST-1) was incubated with PM to determine (a)
whether Refining, Furnace, and Emissions PM exhibit cytotoxicity against 16HBE14o- human bronchial epithelial cells exposed for 24 h to PM, from 0 to 100 μg 3 cm 2; and (b) to
determine noncytotoxic concentrations for which the proinflammatory response could be considered to be an adaptive
response to particle exposure. This pro-inflammatory response
was evaluated by the release of pro-inflammatory cytokine
granulocyte monocyte colony-stimulating factor (GM-CSF),
known to be triggered by oxidative stress induced by diesel
particles or urban PM.29,30 All experiments were performed

Figure 2. DTT consumption (pmol DTT 3 min 1 3 μg 1) for diﬀerent
particle sizes suspended in Tween 80 0.6 mg 3 L 1. Error bars correspond
to standard deviations for a minimum of 3 repetitions. (a) Statistically
signiﬁcant diﬀerence versus the corresponding Reﬁning size fraction;
(b) statistically signiﬁcant diﬀerence versus the corresponding Furnace
size fraction (ANOVA with Bonferroni adjustment, p < 0.05).

according to Val et al.,31 with methodological details provided
in Supporting Information.
Statistical Analysis. Data represented as mean ( SD were
evaluated by analysis of variance (ANOVA) followed by Dunnet’s t test to examine differences between different treated
groups with respect to control, whereas the Newmann Keuls
test was used to evaluate difference among treated groups, with
p < 0.05 considered significant.

’ RESULTS
Particle Characterization. Size Distribution. A broad process
PM size distribution (0.1 300 μm) was observed, regardless of
origin (Figure S1, Supporting Information). Channelled emissions differed from Furnace and Refining PM, which were
characterized by a major peak at sizes >10 μm. Refining PM
displayed a Gaussian distribution, with a mean geometric diameter of 21.4 ( 0.5 μm and a maximum at 19.3 μm, whereas the
distribution of Furnace PM was trimodal, with a mean geometric
diameter of 24.6 ( 0.6 μm, and local maxima at 0.67, 3.59, and
26.20 μm. In contrast with the coarser Refining and Furnace PM,
Emissions PM consisted mainly of fine particles (mean geometric diameter 3.9 ( 0.8 μm), characterized by a bimodal
distribution, with local maxima at 0.57 and 4.19 μm: PM10 2.5
accounted for 50%; PM2.5 1 20%; and PM1 21%. The respirable
PM fraction <10 μm represented 21%, 27%, and 90% of the total
mass of Refining, Furnace, and Emissions PM, respectively.

Figure 3. Concentration of GM-CSF, a pro-inﬂammatory cytokine, in 16HBE14o- cell culture media following exposure to various concentrations of
PM. Error bars correspond to the standard deviation of 5 replicates. Data are averages for 3 wells ( SD (* statistically diﬀerent from control, p < 0 0.05; +
statistically diﬀerent from the treated groups for one size, one origin at various doses, p < 0.05).

Total Lead Concentrations. All process PM displayed high Pb
levels (25 60% dry weight), regardless of their origin or size as
displayed in Table 1. Although no general trend appeared as a
function of size; the concentration of lead in PM1 was significantly lower than in other corresponding fractions (p < 0.05, oneway ANOVA).
Bioaccessibility. The bioaccessibility of gastric lead by UBM
method in Figure 1 was greater than that of gastrointestinal lead,
regardless of particle size or origin; the highest lead bioaccessibilities were observed for Refining and Emissions PM2.5 1. The
percentage of soluble lead in gastric fluids (pH ∼2) ranged from
10 to 16% for PMtot and 15 to 23% for PM2.5 1. In addition, with
the exception of furnace PMtot, gastric bioaccessibility was always
greater (p < 0.05, one-way ANOVA) for PM2.5 1 versus PMtot.
Intrinsic Oxidative Potential of the PM Samples. In Figure 2
intrinsic DTT reactivity was obtained by subtracting the control
consumption rate from DTT consumption rates in the presence
of particles, then dividing by the particle mass in the reaction
tube. The observed negative values indicate that all lead-rich PM
samples slowed down DTT oxidation versus the control. For
PM1 and PM2.5 10, mass-based DTT reactivity strongly depended on their origin: the most negative values were observed
for Emission PM, followed by Furnace and Refining PM samples.
Assessments of PM dissolution were performed in the presence
of DTT because similar reducing conditions are found in the lung
lining fluid.32 In fact, significant dissolution (3 8% Table 1)
took place under such conditions, which was larger than that
reported in CaCl2.24 Pb2+ can be complexed by DTT, and based
on the Pb DTT complexation stability constant (log β = 13.933),
the calculated percentage of complexed lead was between 81 and
88%. Refining and Furnace PM1 fractions displayed statistically
higher solubility (8.5 ( 0.2 and 6.6 ( 0.02%, respectively) than
other fractions (average 3.8 ( 0.7%; Kruskal Wallis test, p =
0.002). An inverse linear relationship was observed between the
total lead content in the PM samples and lead solubility in Tween
media (Figure S2). Increased DTT stabilization (more negative
values) was observed with increasing total Pb content in PM
(Figure S3A), whereas an inverse relationship between DTT

reactivity and Pb solubility was observed (Figure S3B): suggesting that the less soluble the PM, the greater the stabilization
of DTT.
Cytotoxicity and Pro-Inflammatory Response to PM. The
cytotoxic response induced in 16HBE14o- cells by 24 h exposure
to the different PM samples was found to be a function of the
work unit: (i) Refining PM did not induce cytotoxicity, regardless
of particle size and tested concentrations; (ii) Furnace PM only
induced cytotoxicity for fine (PM2.5 1) and PM1 fractions at
high concentrations (50 and 100 μg 3 cm 2); and (iii) Emissions
PM induced cytotoxicity at the highest concentration tested
(100 μg 3 cm 2) for all size fractions. Based on the above, we
conclude that exposure of 16HBE14o- cells to particle concentrations up to 25 μg 3 cm 2 does not induce cytotoxicity.
Positive dose-dependent relationships were observed for GMCSF cytokine release by 16HBE14o- cells (Figure 3) after 24 h
exposure to PM (pro-inﬂammatory response). At the lowest
noncytotoxic dose (5 μg PM 3 cm 2), PM1 displayed the most
signiﬁcant GM-CSF induction potential, suggesting that this
fraction strongly contributes to pro-inﬂammatory processes.
Considering fraction PM1, which is the most prone to interact
with bronchial epithelial cells, Emissions PM induced a higher
pro-inﬂammatory response than Reﬁning and Furnace PM at
noncytotoxic concentrations. Regardless of PM origin, GM-CSF
secretion increased in parallel with total lead content (Figure
S4A), and was inversely related to lead solubility (Figure S4B).

’ DISCUSSION
Influence of Lead Solubility and Chemical Speciation on
PM Reactivity. With the exception of Emissions PM, lead size-

segregation was observed for process PM, with decreased Pb
amounts in PM1. Spear et al.34 previously reported high lead
association (99%) with the coarse fraction (5.8 10 μm) in lead
smelting factories. While lead is poorly soluble in Tween 0.6
mg 3 L 1 (<8%, see Table 1) used for DTT test, we found that the
finest PM readily dissolved, in agreement with Spear et al.34 The
decrease in solubility observed with increasing lead content

Figure 4. Potential mechanisms of DTT stabilization through complexation with solubilized lead (A), or via PM surfaces (B).

suggests that (with the exception of Emissions PM), lead
speciation is PM size dependent. Yokel et al.35 concluded that
lead solubility strongly influences Pb bioavailability. As, PbS,
PbSO4, PbO 3 PbSO4, PbO, PbCO3, and Pb0 are the major lead
compounds of PM process,22 the highly water-soluble sulfates
and carbonates lead compounds36 could therefore reach higher
percentages in finest PM1 fractions.
Higher bioaccessibilities of gastric lead (25%, pH ∼1.9) versus
gastrointestinal lead (15%, pH = 7) are in agreement with UBM
validations, and are possibly due to pH diﬀerences which may
induce lead precipitation in the intestines.37 Caboche26 observed
a greater correlation between in vivo lead absorption by young
pigs and UBM gastric bioaccessibility versus gastrointestinal
bioaccessibility. Reﬁning and Emissions PM fraction displaying
the highest gastric bioaccessibility could therefore represent a
greater sanitary risk by ingestion. Measured lead bioavailabilities
for process PM were relatively low compared to previous studies
on various hazardous materials: 52.4 77.2% bioavailability in
gastric ﬂuid and 4.9 32.1% bioavailability in intestinal ﬂuid for
<75 μm house dust;38 >65% bioavailability in gastric ﬂuid and
<20% bioavailability in duodenal ﬂuid for soluble lead from
polluted soils.39 However, by no means are they the lowest in
literature, considering 3% of gastric bioaccessibility of mine wastes
(PBET test) in Bruce et al.40 and could result from solubility limit.
But, considering the high total particle lead content, Pb quantities
which may reach systemic circulation should not be neglected.
Potential Effects Induced by Lead-Rich PM during Inhalation. When 16HBE14o- human bronchial epithelial cells were
exposed to noncytotoxic PM concentrations (<25 μg 3 cm 2), a
significant increase in released GM-CSF was observed for PM1,
regardless of origin. Airway inflammation is the most often
observed short-term effect of human exposure to PM, and most
studies agree that the intrinsic inflammation potential is increased from coarse to fine particles when compared on a similar
mass basis.30,41 Interestingly, a positive relationship between
cytokine release and total lead content (Figure S4A), and a
negative relationship between Pb2+ and cytokine release (Figure
S4B), was observed for the studied PM samples with relatively
low Pb solubility. The inflammatory response could therefore be
mainly driven by PM in correlation with the total lead content.
Negative DTT reactivities were observed with process PM
enriched with lead (Figure 2), contradicting the positive reactivities reported for organic PM.12,28,42 Lead-rich PM may stabilize
DTT (negative reactivity) and inhibit its oxidation via DTT Pb

complexation, which can take place either with Pb2+ 33 or directly
on the particle surface as described in Figure 4A and B.
In addition, DTT Pb complexation could hinder the formation of disulfur bonds in DTT. In the experimental reaction
media (which contained a large excess of DTT), more than 80%
of the dissolved Pb2+ was calculated to be in complex with DTT.
The same stabilization eﬀect was observed with lead acetate
solution ( 189 ( 14 pmol/min 3 μg Pb; these results are not
comparable with the data shown in Figure 2, which are
expressed as the total particle mass). Thus, if only Pb2+ ions
were responsible for DTT stabilization (via complexation),
DTT reactivity should decrease as a function of lead solubility,
however, the opposite was observed (Figure S3B). This suggests that DTT sulphydryl groups PM surfaces interactions
are mainly involved.
The biological eﬀects of PM lead following lung deposition
may thus be due to reaction of sulfur-containing antioxidants or
proteins in lung lining ﬂuids with Pb, via a mechanism similar to
that of DTT. Indeed, oxidative stress was proposed as a
mechanism taking place in the pathophysiology of lead
poisoning11 or cardiovascular disease.43 Lead toxicity is currently attributed to its ability to bind biomembranes, altering
their functions.9 Indeed, complex formation between lead and
reduced glutathione or glutathione reductase inhibits their
activity, suggesting a plausible mechanism explaining the decreased antioxidant activity of such vital peptides/enzymes.8
Such inhibitory eﬀects would shift the oxidant antioxidant
balance in the direction of oxidative stress, thus rendering cells
more vulnerable to oxidative attack.44
Comparison between Acellular DTT and in Vitro ProInflammatory Cell Culture Tests. Because GM-CSF release is
triggered by oxidative stress,45,46 the linear relationship between
DTT reactivity and GM-CSF ratios (Figure S5) suggests that the
DTT assay correlates with biological responses. With the exception of Refining PM2.5 10, increased negative DTT reactivities
correlate with an increased release of GM-CSF. This is particularly evident for PM1. Li et al.19 observed a correlation between
DTT activity in ambient PM and cellular oxidant stress response.
Our results strongly suggest that lead-rich process PM induces
inflammation in the lungs. Intriguingly, such cytokine induction
(by PM addition) is not due to the release of reactive oxygen
species (as negative DTT values were observed), but rather could
be due to an imbalance between pro and antioxidants, via
depletion of sulfur-containing antioxidants by lead complexation
as previously discussed. Together, these results suggest that the
DTT assay not only responds to oxidants, but also provides some
clues about the complexation abilities of lead-rich PM with other
thiol containing compounds.
Finally, the potential toxicity of the studied PM1 fraction can
be classiﬁed as follows: Emissions > Furnace > Reﬁning.
Sanitary Risk Assessment of Lead-Rich PM: Calculation
and Comparison of the Lead Burden from Inhalation and
Ingestion. Using the PMtot concentrations at the Furnace
(average 350 μg 3 m 3) and Refining (average 125 μg 3 m 3)
work units, coupled with the size distributions (Figure S1) and
lead content in each fraction (Table 1); we evaluated the lung
and gastric burden due to inhalation of lead-rich particles in
Table 2. For calculation of the deposited dose, we hypothesized
that (i) workers inhale 10 m3 during a typical work shift;47 (ii)
only 10.5% of the inhaled PM deposit in the alveolar region, and
all PM deposited in the head and trachea bronchial regions of
the pulmonary tree will finally be ingested; (iii) lead solubility is

Table 2. Evaluation of the Inhaled and Ingested Dose of Total and Soluble Lead
furnace
PMtot [μg 3 m 3]

inhalable PM [μg 3 m 3]

reﬁning

remarks

350

125

typical concentrations measured on site

235

85.5

using the inhalable convention and size distribution
(Figure S1)49

3

inhaled volume for a shift (8 h) [m ]
calculated inhaled PM mass per shift [μg]

10

10

2348

855

calculated deposition fraction

calculated with the MPPD software (CIIT, RIVM,
http://www.thehamner.org/mppd/helpﬁles/index.htm

head [%]
conducting airways [%]

54.6
7.0

57.4
7.2

alveolar [%]

10.5

11.0

particle mass deposited in the head region per shift [μg]

1282

491

particle mass deposited in the conducting airways per shift [μg]

164

62

particle mass deposited in the alveolar region per shift[μg]

247

94

total pulmonary particle burden per shift [μg]

247

94

total ingested particle burden per shift [μg]

1446

552

Σ deposited mass in head + conducting airways region

38
5
10

36
5
16

estimated from the solubilities in Tween (see Table 1)
see Figure 1

average lead content in particle [%]
average Pb solubility in the lung lining ﬂuid [%]
average Pb solubility in gastric juice [%]
total lead burden in lungs per shift [μg]

96

35

total gastric lead burden per shift [μg]

562

205

total bioaccessible lead burden in lungs per shift [μg]

5

2

total bioaccessible lead burden in digestive track per shift [μg]

56

33

ratio lead ingested to inhaled

6

6

ratio dissolved lead in digestive track to lung

11

16

approximately 5% in the lung lining fluid (assuming the value in
the surfactant media Tween, 0.6 mg 3 L 1, see Table 1) and
10 16% in gastric juice (Figure 1). According to these calculations, ingestion is the most important source of lead bioavailability. Total lead deposited in the lungs during a typical 8-h work
shift is 6 times lower than the ingested fraction (e.g., compare 96
μg total Pb deposited in lungs vs 562 μg total Pb ingested for
Furnace, see Table 2); while this ratio for bioaccessible Pb2+
increases to 11 16 times (e.g., compare 5 μg Pb2+ in lung to 56
μg Pb2+ ingested for Furnace, Table 2). The Pb2+ fraction in the
lungs is minimal, given that internalized PM is typically found in
phagolysosomes, where low pH values favor their dissolution.48
In addition to an increased lead content, Emission particles
contain the largest proportion of ﬁne PM. Regardless of origin,
the ﬁnest PM1 fractions are the most eﬃcient at inducing proinﬂammation responses. Moreover, among the studied fractions
(PMtot and PM2.5 1), the highest gastric bioaccessibility was
observed for PM2.5 1. The increased reactivity of Emission PM
with SH groups (as suggested by the DTT test), coupled with their
pro-inﬂammatory potential toward epithelial cells, suggests that
Emission PM should be classiﬁed as the most hazardous PM from
the studied plant. According to Turner and Radford and
Ridgway21,50 the present study illustrates the interest of a combination of complementary acellular and cell-based assays for
evaluating the biological eﬀects of complex hazardous particles.
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