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A B S T R A C T

In order to assess and optimize frequently used in vitro inhalation bioaccessibility procedures for heavy metals in
the inhalation risk assessment, in vivo inhalation bioavailability of Pb in simulated atmosphere fine particles
(PM2.5) from aging soils spiked with lead compounds and field soils in lead-zinc mining areas was investigated
via intranasally instilled experiments with these PM2.5 suspensions to mice and Pb bioaccessibility was extracted
by using four frequently used in vitro procedures (Gamble Solution, simulated lung fluid, simulated epithelial
lung fluid and artificial lysosomal fluid). Mouse exposure experiments showed that Pb was mainly distributed in
the liver, kidneys, blood and spleen. Based on the kidney model, in vitro inhalation bioaccessibility of Pb ex-
tracted with optimized Gamble Solution, in which solid to liquid ratio (S/L) was optimized to 1:1000 g ml−1 and
DTPA was proved to be the key effective component, showed a strong linear relationship with its in vivo in-
halation bioavailability (y=1.07x – 3.86, R2= 0.73). Moreover, in vitro bioaccessible and bioavailable fractions
of Pb were mainly from acid exchangeable and reducible fractions of Pb in PM2.5. Altogether, optimized Gamble
Solution was suggested for the analysis of in vitro bioaccessibility for risk-based assessments.

1. Introduction

Exposure to ambient particulate matter (APM) has been confirmed
to be consistently associated with some heart and lung diseases and
injuries of the nervous system because of potential harmful matter in
APM (e.g., heavy metals, polycyclic aromatic hydrocarbons, micro-
organisms and endotoxins) (Wang et al., 2017; Kioumourtzoglou et al.,
2016; Liu et al., 2018; Goix et al., 2016; Bi et al., 2015). Due to the
accumulation of toxic effects to humans, airborne particle-bound heavy
metals have received more and more attention (Liu et al., 2018; Goix
et al., 2016; Bi et al., 2015; Kastury et al., 2018; Twining et al., 2005;
Bierkens et al., 2011; Palus et al., 2003; Navas-Acien et al., 2007). Lead
(Pb) is one of the most important heavy metals in APM, and it can lead
to high concentrations of lead in blood and urine (Bierkens et al., 2011)
and damage to DNA (Palus et al., 2003) and the cardiovascular system
(Navas-Acien et al., 2007).

In recent years, the in vitro bioaccessibility (BAc, fraction dissolved
in a simulated body fluid) and in vivo bioavailability (fraction absorbed
in the systemic blood circulation) of toxic metals are increasingly ex-
amined in health risk assessments (Liu et al., 2018; Goix et al., 2016; Bi
et al., 2015; Kastury et al., 2018, 2017). In vitro bioaccessibility

procedures are low-cost and efficient methods to evaluate exposure
risks and are often preferable over in vivo bioavailability due to their
decreased experimental time, expense and ethical concerns (Kastury
et al., 2018). Existing in vitro inhalation bioaccessibility procedures,
such as Gamble Solution, artificial lysosomal fluid (ALF) (Nemmar
et al., 2013), simulated lung fluid (SLF) and simulated epithelial lung
fluid (SELF) (Wragg and Klinck, 2007; Boisa et al., 2014; Taunton et al.,
2010; Midander et al., 2007), have been used to investigate the
bioaccessible fraction of Pb in APM via inhalation exposure. However,
these procedures generally lack validation via in vivo-in vitro correlation
(Kastury et al., 2017). In recent years, the validation of in vitro ingestion
bioaccessibility procedures via in vivo-in vitro correlation has been
widely investigated (Denys et al., 2012; Juhasz et al., 2010; Li et al.,
2016). The related literature shows that in vivo bioavailability can be
expressed as absolute bioavailability (ABA) (Schaider et al., 2007) and
relative bioavailability (RBA, the ratio of the bioavailability of a certain
element in the soil to that of water soluble compound or reference
matrix) (Denys et al., 2012; Li et al. (2016); USEPA (2007); Li et al.,
2017, 2015; Juhasz et al., 2011). To validate in vitro bioaccessibility
procedures to predict the in vivo RBA of a test element in an environ-
mental material, an empirically strong correlation between in vivo and
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in vitro data sets is necessary to establish a linear equation (e.g., RBA =
a + b·BAc) (Denys et al., 2012; Li et al. (2016); USEPA (2007); Li et al.,
2017, 2015; Juhasz et al., 2011). These studies offer strategies for the
validation of in vitro inhalation bioaccessibility procedures via in vivo-in
vitro correlation.

Moreover, the validation of in vitro lead bioaccessibility in soils and
soil-like materials shows that the physicochemical properties of an
environmental medium and the lead species itself are important para-
meters for BAc and RBA (Kastury et al., 2017; Taunton et al., 2010;
Denys et al., 2012; Li et al., 2016, 2017; Li et al., 2015; Juhasz et al.,
2011; Moreno Tovar et al., 2012). APM have abundant sources such as
suspended soil fine particles, industrial emissions, incineration, and
vehicle exhaust (Gummeneni et al., 2011; Kelly and Fussell, 2012; Heo
et al., 2017; Zawacki et al., 2018). Therefore, there are different species
of lead in APM due to various sources. It is hard to resuspend the col-
lected APM in a sampling membrane; thus, simulated fine particles
developed from fine soils/sediments with different levels of lead or
spiked lead species are suitable for the related studies.

The in vivo inhalation exposure methods in the related literature are
generally categorized as inhalation exposure (includes whole-body,
head-only, or nose-only exposure) and instillation (IT) methods (in-
cluding intranasal, intratracheal, intravenous or intraperitoneal)
(Kastury et al., 2017). IT methods are simple and operable (Kastury
et al., 2017), being more appropriate for an acute exposure model, and
an intranasal method was used in this study. Moreover, according to the
definition of RBA advocated by Environment Protection Agency, USA
(USEPA), spiked soluble lead salt should be used in research of Pb-RBA
(USEPA, 2007). To inhalation exposure, it is difficult to produce air-
borne particles of readily soluble lead for RBA research. However, it is
easy for an intranasal method. Therefore, an intranasal method was
used in this study.

In the present study, the physicochemical properties of PM2.5 con-
taining different lead levels and species were examined using simulated
fine soils/sediments containing different levels of lead or spiked lead
species. The in vivo inhalation bioavailability of lead was investigated
through instillation exposure of simulated PM2.5 suspension solution.
The in vitro bioaccessibility of lead was investigated via different in vitro
procedures. The in vitro inhalation bioaccessibility procedures were
validated and optimized via in vivo-in vitro correlation.

2. Materials and methods

2.1. Sample preparation and characterization

Simulated PM2.5 samples contained different levels of Pb were ob-
tained via the ball-milling of collected field surface soils and aged soils
spiked with different species of lead compounds. Four soils (surface soil
from outlands (SO), sludge near river (SW), surface soil from rice field,
and surface dusts from path (SP)) were collected from the Shuikoushan
lead-zinc mining area at Hunan, China. The air-dried soils were ground
with a pulverizer and then a comet ball grinding mill (QM-3SP2,
Nanjing University Instrument Co. LTD) using wet ball-milling with
water for 24 h. The sizes of the resulting particles ranged from 0.1 to
1.5 μm and were characterized by using a nanoparticle analyzer (90
Plus, Brookhaven Instruments Corporation), scanning electron micro-
scope (SEM, JEM-2100, JEOL, Ltd.) and X-ray diffractometer (XRD)
(see the supplementary information). These resulting PM2.5 particles
were labeled as SO, SW, SR, and SP. Therefore, simulated PM2.5 samples
with different physicochemical properties and different levels of Pb
were obtained. Moreover, to investigate the influence of Pb species, 7
lead compounds (PbSO4, Pb3O4, PbS, PbCrO4, PbO, PbCO3 and Pb
(NO3)2) were spiked into wet surface soil from a vegetable field at
Qixia, Nanjing (Pb content: 113mg kg−1) with ball-milling for 30min,
and then aged for one month. The physicochemical properties of these
Pb compounds were presented in Table S1 and the Pb content of spiked
simulated PM2.5 were 3518–4035mg kg−1 (data were presented in

Table S1). The soils were ground as described above after air drying.
The resulting particles were characterized as described above and la-
beled as PbSO4-, Pb3O4-, PbS-, PbCrO4-, PbO-, PbCO3- and Pb(NO3)2-
SV. These simulated PM2.5 samples were stored in a dryer for the fol-
lowing research.

The total Pb contents and major elements in the simulated PM2.5

samples were determined by using an inductively coupled plasma op-
tical emission spectrometer (ICP-OES, Optima 5300, Perkin-Elmer
SCIEX) after digestion using the USEPA Method 3050B (USEPA, 1996).
Fractionation of Pb in the simulated PM2.5 samples were categorized
with a modified Community Bureau of Reference (BCR) procedure
(details of the modified BCR procedure is presented in the supple-
mentary information) (Huiming et al. (2013); Liu et al. (2017)).

2.2. Animal exposure

The protocols used in this study were approved by the Institutional
Animals Care and Use Committee of Nanjing University (Nanjing,
China) and were performed in accordance with the National Institutes
of Health (NIH) guidelines, as described in the Guide for the Care and
Use of Laboratory Animals of the NIH. Eight- to ten-week-old female
Balb/c mice were purchased from the Nanjing University Animal
Research Centre (Nanjing, China). The mice were housed in pairs in
polypropylene cages and allowed to acclimate for 1 week with a 12 -h
light/dark cycle (light cycle, 6:00 a.m. to 6:00 p.m.) before the ex-
posure experiments were initiated (temperature, 25 ± 1 °C; humidity,
60%). Food and water were provided ad libitum. During the experi-
mental period, the mice were maintained in the same environment. The
mean weight of the mice at the start of experiment was 20 ± 2 g. Prior
to intranasally instillation, the mice were anesthetized with isoflurane.

2.2.1. Tissue distribution of Pb
Five mice were intranasally instilled with 50 μl of 0.9% sterile saline

with PbS-SV suspension at 20 μg μl−1. The mice were euthanized under
anesthesia after 48 h culture, and then the whole lung, liver, kidney,
spleen, heart, skeletal muscle (from thigh), and blood (0.5 ml) were
collected. The muscle and blood were estimated as a percentage of total
body weight as 38.4% and 4.9% (Brown et al., 1997), respectively. Mice
instilled with sterile saline without PbS-SV were used as controls.

2.2.2. Pb toxicokinetics
Forty mice were intranasally instilled with 50 μl 0.9% sterile saline

with PbS-SV suspension at 20 μg μl−1. Five mice were euthanized under
anesthesia, and the whole lungs and kidneys were collected at 0, 0.5, 1,
2, 3, 4, 5, 6, and 7 days after treatment. Mice instilled with sterile saline
without PbS-SV were used as controls.

2.2.3. Dose-response effects
Three groups of mice (5 mice per group) were intranasally instilled

with 50 μl 0.9% sterile saline with lead acetate to achieve a Pb con-
centration dose of 0, 50, and 100 ng μl−1. After 48 h, the mice were
euthanized under anesthesia and the whole liver, kidney, and spleen
were collected.

2.2.4. Relative bioavailability
Fifty-five mice were intranasally instilled with 50 μl 0.9% sterile

saline with simulated PM2.5 sample suspensions at 20 μg μl−1. After
48 h, the mice were euthanized under anesthesia and the whole kidneys
were collected. Mice instilled with sterile saline without PM2.5 were
used as controls.

2.2.5. Suspensions for intranasally instillation
20 μg μl−1 simulated PM2.5 sample suspensions were made by

adding 20mg solid samples into 1ml 0.9% sterile saline solution, and
then stirring and dispersing with ultrasonic for about 5min. Prior to
intranasally instillation, suspensions were also dispersing with
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ultrasonic for about 1min.
The organ samples were freeze-dried before digestion in con-

centrated HNO3 and H2O2 at 120 °C until near dryness and then diluted
with 0.1 M HNO3 to 3ml. The resulting solution was centrifuged (8960
× g for 5min) and the supernatant were stored in 4 ℃ for analysis.

2.3. Bioaccessibility

In this study, the Gamble Solution, SLF, SELF, and ALF methods
were employed. Lead bioaccessibility was determined in triplicate for
simulated PM2.5. The detailed compositions and parameters for these in
vitro procedures are outlined in the supplementary information (Table
S2).

2.4. Elemental analyses and data treatment

Concentrations of Pb and major elements in the solutions were
measured using ICP-OES and inductively coupled plasma mass spec-
trometry (ICP-MS, Elan9000, Perkin-Elmer SCIEX, USA). The calibra-
tion standard solutions (0, 0.1, 0.5, 2.0, 10.0 mg l−1 for ICP-OES; 0, 0.5,
2.0, 10.0, 50.0 μg l−1 for ICP-MS) were diluted from standard stock
solutions (Custom Assurance Standard) purchased from SPEX CertiPreP
(1000mg l−1, Lot number: 28-232CR) containing 2% HNO3 (V/V). The
internal standard solutions (Bi, 20 μg l−1) added on line through a T-
junction were diluted from standard stock solutions (Custom Assurance
Standard) purchased from SPEX CertiPreP (10mg l−1, Lot number:
CL1-234BIY) containing 2% HNO3 (V/V). Digested pork liver samples
(a Chinese certified reference material, GBW10051) were determined
by using the ICP-MS with recovery of 95%, and accuracy of 3%. The
relative percent differences in parallel samples were within 20% or the
experiments were repeated.

Pb-BAc is the fraction of Pb in simulated PM2.5 that could be ex-
tracted by simulated body fluid. Pb-RBA is defined as the ratio of Pb
content in a certain target organ of the studied mice taken up from the
simulated PM2.5 to that of water soluble Pb salt (lead acetate, Pb(AC)2).
The Pb-RBA and Pb-BAc were then calculated using Eq. (1) (Li et al.,
2016) and (2) (Denys et al., 2012), respectively, as follows:
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where RBA is the relative bioavailability; kidney PbPM2.5 and kidney
PbPb(AC)2 are the mass of Pb in mouse kidneys exposed to PM2.5 and lead
acetate (ng), respectively; Pb dosePM2.5 and Pb dosePb(AC)2 are the Pb
dose levels in mice exposed to simulated PM2.5 and Pb acetate (μg),
respectively; BAc is the bioaccessibility; Vl is the volume of fluid used in
the lung phase extraction including any pH adjustments (Sysalova et al.,
2014); CPb is the measured concentration of Pb in the diluted extract
solution (mg l−1); d is the dilution applied to the extract solution prior
to analysis; mPM2.5 is the mass of PM2.5 used in the lung phase extrac-
tion (g); and WPb is the Pb content in simulated PM2.5 (mg kg−1)

2.5. Statistical analyses

Statistical analyses were performed using SPSS software (version
16). Analysis of variance (independent-sample T test, p < 0.05) was
used to test the statistically significant differences among the in vitro
bioaccessibility procedures optimizing. The in vivo-in vitro correlation in
this study was performed by using Origin (version 9.1).

3. Results and discussion

3.1. Characterization of simulated PM2.5

The size of the simulated PM2.5 was observed with SEM and dy-
namic light scattering (Figure S1 and Figure S2). The SEM micrograph
showed that the resulting particles were irregular. The dynamic light
scattering results showed that the size of the resulting particles ranged
from 0.1 to 1.5 μm. Therefore, these particles can be considered as
PM2.5 from suspended/resuspended fine soil particles.

The lead contents in the simulated PM2.5 from Shuikoushan soils
were 213–8810mg kg−1 (213 ± 11 for SO, 8810 ± 214 for SW,
1083 ± 15 for SR, and 1151 ± 82 for SP) and 3518–4035mg kg−1 in
the simulated PM2.5 from the spiked soils. The mapping of Pb and other
elements in Figure S1 shows that Fe is associated with Pb in SW. The
XRD spectra of SW in Figure S3 shows that the peaks (2θ=14.9°, 17.4°
and 28.9°) for SW were very similar to lead phosphate (2θ=15.1°,
17.5° and 28.9°) (Qin et al., 2014). The lead-related peaks of other
compounds were missing due to the low lead concentrations.

The fractionation of Pb in the simulated PM2.5 using modified BCR is
presented in Table S3. The recovery of modified BCR ranged from
88.1% to 109.0% (details seen Table S3). The average ratios of the four
Pb fractions (the acid exchangeable fractions (F1), the reducible frac-
tions (F2), the oxidizable fractions (F3), and the residual fractions (R))
were approximately 2.2:55.2:25.2:17.4 in SO, 0.01:2.96:2.05:94.98 in
SW, 22.52:62.02:8.92:6.54 in SR, 11.24:70.44:8.21:10.12 in SP and
41.07:55.17:2.65:1.11 in PbS-SV. Therefore, different Pb distributions
were observed among the simulated particles.

3.2. Inhalation bioavailability of Pb

The relative standard deviation (RSD) of Pb in the lung for 1 h post
exposure among 5 mice was 7.3% and the RSD of Pb in the lung in the
three batches was below 10% (RSD for the next three batches was 9.3%,
2.6% and 8.1%, n=5). This means that the mass of instilled PM2.5

entering the lungs was controlled and repeatable with the IT method.
Lead was mainly distributed in the liver (136.3 ± 18.7 ng), kidneys
(110.3 ± 4.5 ng), blood (23.1 ± 5.0 ng), and spleen (2.5 ± 0.4 ng) at
48 h post exposure of the studied mice to PbS-SV suspension solution.
Lead in the mouse heart and muscle was below the detected limitations.
Gastric-intestinal absorption could be another contribution for Pb ab-
sorption into organism from some parts of particles that be cleared from
the lungs via mucociliary transport and swallowed. However, the
contribution of gastric-intestinal absorption Pb in this experiment was
negligible (proving process was presented in SI).

3.2.1. Metabolic kinetics of Pb
Fig. 1 shows the toxicokinetics of Pb in the lungs (a) and kidneys (b)

over 7 days of exposure to PbS-SV. The residual Pb in the mouse lungs
was approximately 30.0% for 24 h exposure to PbS-SV and 4.5% after
168 h exposure. The mass of Pb in the kidneys rapidly increased during
the first 24 h after exposure to PbS-SV and reached a maximum value
(134.5 ng) at 24 h of exposure before the mass of Pb decreased slowly to
a relatively higher Pb level than the control group Pb level.

Fig. 1a shows that the Pb elimination process in the lungs could be
divided into three linear stages as follows: fast elimination stage within
24 h (slope = -59.5; R2= 0.99), relaxed elimination stage between
24 h to 72 h (slope = -8.9, R2= 0.99) and slow elimination stage after
72 h (slope = -1.6, R2= 0.92). The elimination rate of Pb during the
first stage in the lungs was approximately 6.7-fold higher than the
second stage and 37.2-fold higher than the third stage. This suggested
that most of the bioavailable Pb in the simulated PM2.5 in the lungs was
quickly absorbed in the short-term and the remaining fractions would
be eliminated over a long-term period. Similar results have been re-
ported by others researchers studying nanoparticle exposure with the IT
method (Konduru et al., 2014; Pang et al., 2016; Molina et al., 2014).
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For example, the clearance of nZnO from rat lungs was rapid, with only
16–18% of the residue present on the 2nd day of exposure, though it
took approximately 28 days for the nZnO to be cleared (Konduru et al.,
2014). The silver concentration in mouse blood reached a maximum
after 1 h exposure to silver nanoparticles and decreased to lower levels
after 12 h (Pang et al., 2016). In total, 12% of nCeO2 in rat lungs was
cleared on the 1 st day post exposure, and over the following 27 days,
only 14% was cleared gradually (Molina et al., 2014). In inhalation
studies, the toxicity of the contaminants depends on the duration and
intensity of exposure (Phalen et al., 1984), which means that the
toxicity of contaminants during the slow intake stage is much less than
the fast absorption stage due to its much lower intensity.

In this study, the second stage of Pb elimination in the lungs
(24 h–72 h) was a transition stage during which the mass of Pb in the
lungs was more stable than the first elimination stage (before 24 h) and
higher than the third elimination stage (after 72 h). Therefore, the
portion of Pb absorbed within 48 h of exposure was chosen for the
calculation of the absolute bioavailable Pb fraction (Pb-ABA48h). The
detailed calculation is presented in the supplementary information. The
Pb-ABA48h of PbS-SV was approximately 83.4%.

3.2.2. Relative bioavailability
The concentration of Pb in end points at 48 h post exposure was

chosen for the study of the RBA as described above. Fig. 2 shows the
dose-response curve for Pb by plotting the concentration in the liver (a),
kidneys (b) and spleen (c) as a function of the exposure dose. The dose-
response in the kidneys and spleen fit well with a linear correlation
(R2=0.999 and 0.97, respectively), much better than that in the liver
(R2= 0.85). However, the proportion of Pb in the kidneys
(slope=0.044) was much higher than that entering the spleen
(slope=0.0015), which resulted in wider range of Pb in the kidneys in
the dose-response study. Thus, the dose-response curve in the kidneys
was chosen to study the Pb-RBA.

A linear correlation dose-response curve is usually used in oral RBA
research, in which the response concentration at an endpoint can reflect
an equivalent mass of Pb in soluble salts such as lead acetate (Palus

et al., 2003; Damon et al., 1984). Bioavailability of Pb in lead acetate
was supposed to be 100% (Palus et al., 2003; Damon et al., 1984). In
this research, the content of Pb in the kidneys was linearly dependent to
inhalation exposure dose of lead acetate (R2= 0.999), which was si-
milar to oral exposure to lead acetate in the kidney (R2=0.98) (Li
et al., 2016). This implied that the Pb concentration in the kidneys was
linearly related to the bioavailable Pb in the lungs.

The inhalation relative bioavailability of 48 h exposure was gener-
ated according to the oral-RBA and described in Eq. (1) (Palus et al.,
2003). The Pb-RBA of the 7 simulated PM2.5 with different spiked Pb
compounds and Shuikoushan soils are presented in Fig. 3. There were
great variations among the different PM2.5 from aged soils and field
soils, suggesting the influence of Pb species in PM2.5. The Pb-RBA from
the inhalation dose-response curve was almost equal to the Pb-ABA48h

for PbS-SV (82.8% and 83.4%, respectively). This implied that the Pb-
RBA based on this dose-response curve could also be used to reflect the
ABA from inhalation exposure. Thus, the relative bioavailability term
could also be used in Pb research through inhalation exposure in the
fast-absorbing stage (within 48 h after exposure).

3.3. In vitro inhalation bioaccessibility

The in vitro bioaccessibility of Pb (Pb-BAc) in the simulated PM2.5

was calculated using Eq. (2) and the results are presented in Table S4.
In SLF, the Pb-BAc ranged from 0.005% (PbCrO4-SV) to 0.088% (PbO-
SV) for aged soil PM2.5 and 0.0006% (SW) to 0.098 for field soil PM2.5.
In ALF, the Pb-BAc ranged from 0.005% (PbCrO4-SV) to 0.18% (Pb
(NO3)2-SV) for aged soil PM2.5 and 0.0004% (SW) to 0.278% for field
soil PM2.5. In SELF, the Pb-BAc ranged from 0.016% (PbO-SV) to
0.056% (PbCrO4-SV) for aged soil PM2.5 and 0.0014% (SW) to 0.298%
for field soil PM2.5. In Gamble Solution, the Pb-BAc ranged from 16%
(PbCrO4-SV) to 19.1% (PbS-SV) for aged soil PM2.5 and 1.05% (SW) to
37.96% for field soil PM2.5. Large variations in the in vitro inhalation
bioaccessibility of Pb were found with the different in vitro inhalation
bioaccessibility procedures.

The bioaccessibility of Pb in APM with in vitro inhalation procedures

Fig. 1. The metabolic kinetics of Pb in lungs (a) and kidneys (b) during 7-days exposure to PbS-SV.

Fig. 2. The dose dependent of Pb in kidneys (a), liver (b) and spleen (c) of mice in 2-days exposure.
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has been reported (Twining et al., 2005; Wragg and Klinck, 2007; Boisa
et al., 2014; Sysalova et al., 2014; Hamad et al., 2014; Potgieter-
Vermaak et al., 2012; Voutsa and Samara, 2002). Table S5 summarizes
the bioaccessibility from related literature. Most in vitro inhalation
bioaccessibility procedures originate from Gamble Solution (Gamble,
1967). Because of the different conditions used in these studies (such as
the sources of samples, the particle size, S/L ratio (S/L, g ml−1) and
extraction time), it is hard to compare and analyze the data from dif-
ferent laboratories (Kastury et al., 2017). In this study, the in vitro
procedures were performed under the same conditions. Therefore, we
confidently evaluated and optimized the Pb-BAc from these in vitro
procedures for predicting the Pb-RBA based on the obtained in vivo
data.

3.3.1. Screening in vitro procedures via in vivo-in vitro correlation
The relationship between the in vitro bioaccessibility of a certain

element determined using different in vitro bioaccessibility procedures
and RBA determined in an animal model assay (e.g., mouse) is usually
used to evaluate the abilities of in vitro procedures to predict the re-
lative bioavailability of a certain element due to oral exposure.
Therefore, the in vivo-in vitro correlation of the Pb-BAc for different in
vitro procedures with Pb-RBA from mice for the simulated PM2.5 is
shown in Fig. 4. The results show that the Pb-BAc from these in vitro
procedures was far below the Pb-RBA. The Pb-BAc from Gamble Solu-
tion was on the same order of magnitude as the related Pb-RBA and
overwhelming greater than the other in vitro procedures. In this study,

the operating parameters for Gamble Solution were optimized through
the in vivo-in vitro correlation to make the Pb-BAc outcomes more
confidence.

3.3.2. Effective components in Gamble solution
Fig. 5 shows the influence of albumin, NH4Cl, cysteine and DTPA

(the different ingredients between Gamble Solution and SLF) on SLF for
the Pb-BAc of SW, SR and SP. The Pb-BAc of SW, SR and SP were
0.00064%, 0.098% and 0.067% in SLF, respectively. By removing al-
bumin, the Pb-BAc was slightly increased to 0.0016%, 0.14% and
0.11%, respectively. The addition of NH4Cl and cysteine had no sig-
nificant influence on the Pb-BAc of SW, SR and SP compared to the
removal of albumin from SLF. The Pb-BAc of SW, SR and SP were
significantly increased to 0.019%, 45.1% and 39.3% by the addition of
DTPA. The results for SR and SP were even higher than the Pb-BAc of
Gamble Solution, at 38.0% and 32.5%, respectively. The Pb-BAc of SW
upon the addition of DTPA to SLF was less than in Gamble Solution
(1.0%).

The Pb-BAc in SLF was lower than in SLF without albumin. This
could result from the separation of albumin combined with Pb2+ from
solution under centrifugation at 8790 g. NH4Cl, cysteine and DTPA are
the main components in Gamble Solution. Only the addition of DTPA
could significantly improve the Pb-BAc of SLF similar to Gamble
Solution levels. This implies that DTPA was the most effective compo-
nent for extracting Pb. However, DTPA is not contained in biological
fluids and many in vitro procedures exclude it from their solutions.
DTPA was first added to prevent the formation of insoluble phosphate
precipitates that might result in an underestimation of yellowcake so-
lubility (Eidson and Mewhinney, 1980). It was also effective for ex-
tracting Pb, as is shown in Table S4 in this study. The high Pb-RBA
means that the process of extracting Pb from lung fluids is efficient.
However, the effective composition in lungs fluids is still unknown. So
far, DTPA could be an important substitute.

3.3.3. Optimization of solid to liquid ratios via in vivo-in vitro correlation
Fig. 6a shows the BAc of PbS-SV at different solid to liquid ratios (S/

L, g ml−1). It shows that the Pb-BAc increased from 19.1% at an S/L
ratio= 1:100 to 67.5% at an S/L ratio= 1:500. It reached the max-
imum value of 76.1% at an S/L ratio= 1:5000. The RSD of Pb-BAc was
below 3.7% when the S/L ratio was greater than 1:5000, but reached
19% at an S/L ratio= 1:10000. Fig. 6b shows the correlation between
the Pb-BAc at an S/L ratio= 1:100, 1: 1000 and 1:5000 with Pb-RBA
for Pb in simulated PM2.5 spiked with Pb compounds. The mean dis-
tribution (95% confidence) of the BAc (1:100)-RBA was far below the
equivalence line, whereas it was above the equivalence line for BAc
(1:5000)-RBA. This value was almost crossed from the ellipse center by
the equivalence line for BAc (1:1000)-RBA.

The S/L ratio is an important parameter. First, the S/L ratio para-
meter is analogous to the mass of APM that an individual breathed in
over one day to the volume of lung fluid (Julien et al., 2011). The
changeable concentration of PM2.5 in an atmosphere environment
varies with the physiological environment, resulting in different in-
dividual results and a range of data values (S/L ratio: 1:100-1:100,000)
(Julien et al., 2011). Thus, S/L ratio has been loosely chosen in many
studies (Twining et al., 2005; Wragg and Klinck, 2007; Sysalova et al.,
2014; Hamad et al., 2014; Potgieter-Vermaak et al., 2012). Second,
there was a lack of in vivo data to validate the S/L ratio for in vitro
inhalation procedures. A few studies have mentioned the importance of
the S/L ratio and proven that the S/L ratio could influence the BAc
outcome (Kastury et al., 2018; Julien et al., 2011; Pelfrene et al., 2017).
However, it was hard to select most appropriate S/L ratio without the in
vivo data.

In this study, an S/L ratio of 1:5000 resulted in the maximum value
of Pb-BAc. This was in agreement with a previous study (Kastury et al.,
2018), in which the ratio was chosen as the optimal condition (Kastury
et al., 2018). At this ratio, chelators were sufficiently high to extract Pb

Fig. 3. Range of Pb-RBA in simulated PM2.5 (n=5).

Fig. 4. Plots of BAc with different in vitro methods via Pb-RBA (S/L= 1:100 g
ml−1).
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and particle agglomeration did not affect Pb dissolution in solution
(Kastury et al., 2018). At larger ratios, such as 1:500 or 1:1000, particle
agglomeration could decrease the opportunity for Pb in particles to
interact with chelators and slightly impaired the dissolution of Pb. At an
S/L ratio of 1:100, agglomeration as well as insufficient chelators were
the main barrier to Pb dissolution. At the lower ratio of 1:10000, the
low concentration of particles allowed higher error in the operation,
resulting in a higher outcome RSD (19%). However, the value of Pb-BAc
at 1:5000 for Gamble Solution (74–99% for the spiked PM2.5) was ex-
pected to predict Pb-RBA (56-82% for the spiked PM2.5), as is shown in
Fig. 6b. The Pb-RBA results suggest that an S/L ratio of 1:1000 for
Gamble Solution (66-77%) was optimal. This implied that particle ag-
glomeration could occur in real lung fluids or that a DTPA chelator was
the over extraction substitute for the chelators in real lung fluids.

It was worth to mention that results showed that other Pb com-
pounds spiked PM2.5 were presented the same high level of Pb-BAc and
Pb-RBA with PbS-SV. It implied that all of these Pb compounds were
highly and indistinguishably extracted by Gamble Solution or real lung
fluids based on the chelating mechanism.

3.4. In vivo-in vitro correlation based on optimized Gamble Solution

To predict the Pb-RBA of PM2.5 via Pb-BAc in Gamble Solution at an
S/L ratio of 1:1000, the in vivo-in vitro correlation (IVIVC) was estab-
lished in Fig. 7. The IVIVC curve was plotted based on SP, SR, SW and 7
simulated PM2.5 with different spiked Pb compounds, and a linear
correlation could be used to fit the experimental data (R2=0.73). The
slope of the linear relationship was near to 1 (y= 1.07x – 3.86). SO was
excluded when building the relationship for exceeding the Pb-RBA
value (180%) and because it was far from the prediction area. The good
linear relationship between Pb-BAc and Pb-RBA with a slope close to 1
implied that optimized Gamble Solution at an S/L ratio 1:1000 was a
robust in vitro procedure to predict the RBA of Pb in the simulated
PM2.5. It is worth mentioning that the SO value was far above the
predicted Pb-RBA; this may have been caused by the low Pb con-
centration in SO (213mg kg−1). This implied that a fast exposure model

with a single exposure method was not appropriate for studying si-
mulated PM2.5 with a low Pb concentration.

3.5. Relationship between the fractionation of lead and BAc or RBA

Table S5 shows the relationship between the Pb-BAc (Gamble
Solution at an S/L ratio 1:1000) or Pb-RBA and the Pb fractions from
the sum of the acid exchangeable fractions, reducible fractions or oxi-
dizable fractions (e.g., F1+ F2+F3 and F1+F2). The Pb-BAc or Pb-
RBA showed a better linear relationship with F1+F2 (R2= 0.997 or
0.94, respectively) than with F1+ F2+F3 (R2= 0.98 or 0.89, respec-
tively) (Fig. 8). Figure S5a shows that the Pb-BAc of PM2.5 was below
the A+R proportion. Fig. 8b shows that the Pb-RBA of PM2.5 was
below the F1+F2 proportion, except in SW. In SW, Pb appears to be

Fig. 5. The influence of albumin, NH4Cl, cysteine and DTPA to SLF for Pb bioaccessibility of SW (a), SR (b) and SP (c) (S/L=1:100 g ml−1). The addition of NH4Cl,
Cysteine or DTPA was based on the Albumin free SLF. The different alphabet shows the statistic differences.

Fig. 6. The BAc of Pb from Gamble Solution at
different solid to liquid ratio (a) and their
correlations with Pb-RBA in the corresponding
PM2.5 (b). The black dotted line is the line of
equivalence. The solid red, black and blue line
are the mean distribution area of the points at
95% confidence. (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this
article).

Fig. 7. Plots of BAc (Gamble Solution, S/L ratio: 1:1000 g ml−1) via RBA for Pb
in simulated PM2.5, The black dotted line is the line of equivalence, the red solid
line is correlation line of BAc and against RBA, the blue solid lines are 95% the
confidence intervals, and the green dashed lines are the 95% prediction inter-
vals. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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associated with iron oxide and phosphate minerals as described above,
and consequently has a low proportion in F1+F2 (Moreno Tovar et al.,
2012). The proportion of F1+F2 was similar to Pb-BAc but less than
Pb-RBA. This implied that the hard dissolved Pb fraction would po-
tentially be partly extracted by lung fluids, and both the Pb-BAc and
proportion of F1+F2 would underestimate Pb-RBA in the simulated
PM2.5.

The F1+ F2 or F1+F2+F3 of Pb in the simulated PM2.5 was
usually used to substitute for the bioavailable fractions in some studies
(Julien et al., 2011). This study proved that the Pb-BAc or Pb-RBA of
the simulated PM2.5 was more closely related to the F1+F2 fractions.
However, as shown in Fig. 8, the greater proportion of F1+F2 was
higher than Pb-BAc or Pb-RBA in SP, SR and PbS-SV. In the simulated
PM2.5 with high Pb-BAc or Pb-RBA, the proportion of F1+ F2 appears
to overestimate Pb-BAc or Pb-RBA. Altogether, the acid exchangeable
and reducible fractions were the main source for the bioaccessible and
bioavailable fractions of Pb.

4. Conclusion

Great variations on the in vitro inhalation bioaccessibility of Pb in
PM2.5 were observed among four in vitro procedures (Gamble Solution,
SLF, SELF and ALF). Gamble Solution was selected among four in vitro
procedures via in vivo-in vitro correlation. The comparisons of compo-
nents of in vitro procedures revealed that DTPA was a key component
for Pb extraction and 1:1000 (g ml−1) was the optimized S/L ratio for
Pb-BAc. Based on an optimized Gamble Solution, the in vivo-in vitro
correlation showed good performance for the prediction of RBA.
Correlation analysis showed that the acid exchangeable and reducible
fractions of Pb in PM2.5 were the main sources of in vitro bioaccessible
and bioavailable Pb. Therefore, optimized Gamble Solution was sug-
gested for the analysis of in vitro bioaccessibility for risk-based assess-
ment.
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