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GRAPHICAL ABSTRACT 

 Inhalation of PM Metal(loid)s bioaccessibility assessment 
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Abstract 8 

The bioaccessibility of metal(loid)s in ambient particulate matter (PM) has been recently used to 9 

represent the risk of inhalation exposure. Nevertheless, different methodological factors affect 10 

the bioaccessibility values; among these, the type and composition of surrogate biological fluids 11 

and the liquid to solid ratio have been revealed to be the most important. To better understand 12 

how these methodological aspects affect the bioaccessibility, a reference material corresponding 13 

to urban dust (SRM 1648a) was contacted with synthetic biological fluids commonly used in the 14 

literature representing surrogate fluids that may interact with fine (Gamble’s solutions, artificial 15 

lysosomal fluid (ALF)) and coarse particles (gastric fluid), for liquid to solid (L/S) ratios 16 

ranging from 500 to 20,000. Visual MINTEQ 3.1. was used to enhance the discussion on how 17 

the solubility of metals in the leaching solution depends on the composition of the simulated 18 

fluids and the speciation of metals. The results obtained indicate that a small change in the 19 

composition of Gamble’s solution (the presence of glycine) may increase significantly the 20 

bioaccessibility at a L/S ratio of 5,000. The highest bioaccessibility of most of the studied 21 

metal(loid)s at a L/S ratio of 5,000 was found for ALF fluid. The study of the effect of the L/S 22 

ratio showed that metal(loid)s bioaccessibility in Gamble’s fluid increased logarithmically with 23 

increasing L/S ratio, while it remained practically constant in ALF and gastric fluid. This 24 

different behavior is explained assuming that the leaching of metal(loid)s in Gamble’s solution 25 

is solubility-controlled, while in ALF and gastric fluid is availability-controlled. 26 

Keywords: inhalation bioaccessibility, trace metal(loid)s, synthetic body fluids, urban dust 27 

  28 
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1. Introduction 29 

Inhalation of ambient particulate matter (PM) has been mainly associated with respiratory and 30 

cardiovascular diseases (Campen et al., 2001; Wallenborn et al., 2007; Hoek et al., 2013; 31 

Cesaroni et al, 2014). The major components of PM are sulfate, ammonium, nitrate, sodium, 32 

chloride, sea salt, carbonaceous material and crustal element, while the minor ones are trace 33 

metal(loid)s, in addition to persistent organic compounds (Seinfeld and Pandis, 2016). Trace 34 

metal(loid)s are potentially toxic because they may induce the formation of reactive oxygen 35 

species (ROS) that can damage DNA an initiate a catalytic cycle of cell membrane lipid 36 

peroxidation (See et al., 2007; Charrier et al., 2014; Bates et. al. 2015).  37 

Recent toxicological research highlighted that the soluble forms of metal(loid)s participate in 38 

redox reactions, involving ROS production (Wallenborn et al., 2007; Charrier and Anastasio, 39 

2015; Calas et al., 2017, Bates et al., 2019). Therefore, the potential health effects from the 40 

metal(loid)s present in PM depend upon the solubility of elements in human body. This 41 

solubility is influenced by the chemical speciation of these metal(loid)s and by the size and 42 

shape of particles (Kelly and Fussell, 2012). Different approaches to assess the toxicity of 43 

metal(loid)s derived from the inhalation exposure to ambient PM have been reported in the 44 

literature. In-vitro methods using surrogate biological fluids are considered a potential 45 

alternative to measure toxicity from PM since they are simple and unexpensive (Kastury et. al, 46 

2017). Bioavailability is the fraction of a metal(loid) in exposure media absorbed by the 47 

organism, typically determined by in-vivo animal models, whereas bioaccessibility is the 48 

fraction of the total metal(loid) concentration released from the environmental matrix (e.g. PM, 49 

dust, soil, food, water) into a synthetic biological fluid and becomes available for absorption 50 

(Manjón et al., 2020).  51 

Air quality regulation for metal(loid)s only consider the total metal(loid) content in the PM10 52 

fraction (see e.g. EU Directives 2004/107/EC and 2008/50/EC); and total element contents are 53 

measured using different standards (see e.g. the European standard method “EN-UNE 14902-54 

2006”). Accordingly, conventional inhalation risk assessment studies to metal exposure only 55 
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consider the total concentration of some trace metals in PM. However, the soluble concentration 56 

of PM-bound trace metal(loid)s instead of total content may better represent the exposure risk of 57 

such pollutants in humans (Mbengue et al., 2015; Hernández-Pellón et al., 2018; Weggeberg et 58 

al., 2019). The in-vitro analytical procedure to determine the bioaccessibility of elements 59 

consists of contacting PM filters with leaching agents that simulate body fluids. However, there 60 

is no unified protocol for the assessment of inhalation bioaccessibility, which, due to the high 61 

variability between samples and procedures found in the literature (Mukhtar and Limbeck, 62 

2013; Wiseman, 2015; Kastury et. al, 2017, 2018a, 2018b), makes comparisons between studies 63 

difficult. Factors influencing element bioaccessibility can be classified as external and internal. 64 

External factors mainly include the composition of simulated lung fluid and the conditions for 65 

in-vitro methods, including extraction time, liquid to solid (L/S) ratio, agitation (Mukhtar and 66 

Limbeck, 2013; Kastury et al., 2018b) and the solid–liquid separation method (Laird et al., 67 

2015). The most important internal factors are physiochemical characteristics of samples such 68 

as metal(loid)s speciation and types and sizes of particles (Ren et al., 2020).  69 

The use of reference materials is suitable to study the methodological aspects (external factors). 70 

To take into account the influence of the particle size fraction, different surrogate body fluids 71 

should be used according to the fate of such particles in the human body. Only particles smaller 72 

than 10μm (PM10) have the potential to deposit in the tracheobronchial and alveolar region. 73 

Coarse particles in the 2.5-10 μm size fraction (PM2.5-10) are in most cases deposited in the 74 

pharyngeal and tracheal region, from where they are transported and swallowed toward the 75 

digestive system, where these coarse particles come into contact with gastric juice (Mukhtar and 76 

Limbeck, 2013). Besides, fine particles less than 2.5 μm (PM2.5) can be transported to the 77 

alveolar region. Accordingly, the use of gastric and pulmonary fluids as leaching agents with 78 

coarse and fine particles, respectively, seems to be appropriate. For this purpose, several 79 

surrogate synthetic fluids are applied in the literature. Gastric fluid has been widely used to 80 

assess the ingestion risk by measuring the metal bioaccessibility in soils applying 81 

standardization protocols such as U.S.EPA (2007), European Pharmacopoeia (2010), and 82 

Unified BARGE Method (Denys et al., 2012), but rarely used to assess the inhalation 83 
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bioaccessibility in the coarse fraction of PM (Mukhtar and Limbeck, 2013; Kastury et al., 84 

2018a). Different Simulated Lung Fluids (SLFs) are used in the literature to assess the 85 

bioaccessibility in the fine fraction of PM: Gamble’s solution and Artificial Lysosomal Fluid 86 

(ALF) are the most SLFs used to represent neutral and acidic conditions respectively. On one 87 

hand, Gamble’s solution mimics the interstitial lung fluid, and on the other hand, ALF 88 

represents the acidic fluid (pH 4.5) resulting from the macrophages attack to the particles 89 

reaching the alveoli. Although, the composition of ALF is similar in most research studies 90 

(Colombo et al., 2008; Wiseman and Zereini, 2014; Kastury et al., 2018b, Meza-Figueroa et al., 91 

2020), different compositions of Gamble’s solutions are found in the literature, as observed in 92 

Table S1 of the Supplementary Material. These Gamble’s solutions can be classified into two 93 

main groups; the first one was based on the composition used by Moss (1979) (Colombo et. al., 94 

2008; Boisa et. al., 2014; Hernández-Pellón et al., 2018; Kastury et al., 2018a; Weggeberg et. 95 

al., 2019) and the second one by Eidson and Mewhinney (1983) (Gray et. al., 2010; Caboche et. 96 

al., 2011; Wragg and Klinck, 2007; Pelfrêne et. al., 2017). The main difference is that the group 97 

of Moss (1979) added sodium acetate and the group of Eidson and Mewhinney (1983) added 98 

glycine. Besides, some authors added other organic reagents, such as dipalmitoyl phosphatidyl 99 

choline (DPPC) (Caboche et al., 2011; Marques et al., 2011; Mbengue et al., 2015; Pelfrêne et 100 

al., 2017) to simulate better the interstitial fluid. Although Kastury et al. (2018a) compared the 101 

extraction efficiencies of different neutral lung lining fluids, the bioaccessibility of the two 102 

groups of Gamble’s fluids has not been compared yet.  103 

The use of the same reference material by different researchers allows the comparison between 104 

the bioaccessibility of some metal(loid)s contacted with different Gamble’s solutions. Figure 1 105 

shows the bioaccessibility of some metals (manganese, copper, zinc and lead) when a reference 106 

material of urban dust (SRM1648a) is contacted with different Gamble’s solutions (Caboche et. 107 

al 2011; Pelfrêne et al., 2017; Weggeberg et al., 2019). The composition of the Gamble’s 108 

solutions used by Caboche et al. (2011) and Pelfrêne et. al (2017) was based on that of Eidson 109 

and Mewhinney (1983), but with some small differences (see Table S1 of the Supplementary 110 

Material). However, Weggeberg et. al (2019) used a Gamble’s solution similar than that used by 111 
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Moss (1979). In addition, different L/S ratios were used. The results shown in Figure 1 clearly 112 

indicate that Weggeberg et al. (2019) obtained much lower values of bioaccessibility and that 113 

the L/S ratio affects the solubility of metals in Gamble’s solutions. However, the rationale of 114 

such differences in metals bioaccessibility is lack in the literature. 115 

Therefore, the aim of this study is to understand how some external methodological factors 116 

affect the metals inhalation bioaccessibility from PM. To this end, the bioaccessibility of a 117 

reference material corresponding to urban dust (SRM1648a), using synthetic biological fluids 118 

commonly used in the literature (Gamble’s, ALF and gastric) and water, was studied. Two 119 

Gamble’s compositions (called G1 and G2, the latter containing glycine) were used. Since the 120 

liquid to solid (L/S) ratio seems to be one of the key factors governing the leaching of trace 121 

elements from solid particles, mainly under non-acidic conditions, L/S ratios ranging from 500 122 

to 20,000 were used, considering the following metal(loid)s: V, Mn, Fe, Ni, Cu, Zn, As, Cd, Sb 123 

and Pb. 124 

2. Materials and methods  125 

2.1. Reference material 126 

The standard reference material 1648a (SRM1648a) was selected to analyze the effect of the 127 

L/S ratio and the type and composition of leaching agents on the bioaccessibility of 128 

metal(loid)s. SRM1648a is a reference material of atmospheric PM collected in an urban area 129 

(St. Louise, MO, USA) with a particle size less than 100 μm and a median value of 5.85 μm. 130 

The certified mass fraction values for the studied elements are shown in Table S2 of the 131 

Supplementary Material. For each metal(loid), the bioaccessibility is calculated using the 132 

following formula: (Guney et al., 2017):   133 

%����������	�
��� =
���� ∙ ������  

������ ∙ �
 ∙ 100  (1) 
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Where the Cbio is the concentration of an element in the surrogate fluid (mg/L), VFluid is the 134 

volume of fluid (mL), Ctotal is the total certified concentration of an element (mg/Kg) and m is 135 

the mass of reference material (g).  136 

2.2. Inhalation bioaccessibility in vitro method  137 

In-vitro bioaccessibility tests were performed by introducing 2.5 mg of SRM1648a accurately 138 

weighted into a 50 ml polypropylene vessel and adding each selected leaching agent. According 139 

to Hernández-Pellón et al. (2018), the daily mass of PM10 filters collected by a low sampler 140 

device (2.3 m3/h) is typically between 0.6 and 3.1 mg. Then, the vessels were capped and placed 141 

in an end-over-end rotation incubator system (MRHX-04/SBS) at 30 rpm and at 37ᵒC, 142 

simulating the body temperature. The extraction time was 24 h for SLFs (Midander et al, 2007; 143 

Colombo et al., 2008; Caboche et al., 2011; Kastury et al., 2018a; Luo et al., 2019) as well as 144 

ultrapure water (Caboche et al., 2011) and 1 h for gastric fluid (Oomen et al., 2002; U.S.EPA, 145 

2007; Drexler and Brattin, 2007; Deshommes et al., 2012; Kastury et al., 2018b). After the 146 

extraction test, the samples were centrifuged (Mistasel-BL/SELECTA) at 4,200 rpm for 10 min 147 

and the supernatants filtered through a 0.45 μm polypropylene syringe filter. The samples were 148 

stored until analysis at 4ᵒC and maximum storage time was 48h for Gamble’s solution and ALF.  149 

2.3. Selection and formulation of leaching solutions  150 

To simulate the biological body conditions synthetic body fluids were selected as leaching 151 

agents. The selection of these fluids should be done based on the fate of PM in the body, which 152 

depends on the aerodynamic diameter of the particles. Thus, Gamble’s solution and ALF were 153 

selected as lung fluids that can be contacted with PM2.5: Gamble’s solution, as a surrogate of 154 

the interstitial lung fluid, and ALF, as a surrogate of the acidic conditions resulting from the 155 

macrophage attack to particles in alveoli. Gastric fluid was selected to represent the body fluid 156 

that can be contacted with coarse particles (PM 2.5-10), since these particles are swallowed 157 

from the upper airways to the digestive system. According to the discussion of the different 158 

composition of Gamble’s solutions shown in the Introduction section, two Gamble’s solutions 159 
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called as G1 and G2 were chosen; the composition of G1, G2 and ALF, and the order of 160 

addition of reagents are presented in Table 1. 161 

Overall, five solutions were used to determine and compare the bioaccessibility of metal(loid)s 162 

in SRM1648a: ultrapure water (pH = 6.8±0.1), Gamble’s (G1) based on Moss (1979) (pH = 163 

7.4±0.1), Gamble’s (G2) based on Eidson and Mewhinney (1983) (pH = 7.4±0.1), ALF (pH = 164 

4.5±0.1) (Marques et al., 2011) and gastric (pH = 1.5±0.1) (U.S.EPA, 2007). The reagents used 165 

were of analytical grade or higher purity provided by Merck and Sigma Aldrich.  HNO3 and 166 

NaOH was used for pH adjustment.  With respect to the gastric fluid, although complex 167 

formulations including different amino acids, enzymes and metabolic acids have been used in 168 

oral bioaccessibility tests (Ruby et al., 1993; Medlin, 1997; European Pharmacopoeia, 2010; 169 

Nie et al., 2018; Gao et al., 2018), a simpler formulation including glycine and HCl has been 170 

proved to provide similar results in bioaccessibility tests (U.S.EPA, 2007). Therefore, gastric 171 

fluid was prepared using 0.4M of glycine and adjusting the pH with HCl (37%) (U.S.EPA, 172 

2007; Drexler and Brattin, 2007). The pH of the synthetic fluids was measured immediately 173 

before the beginning of the bioaccessibility test. 174 

2.4. Influence of the L/S ratio on bioaccessibility 175 

Different tests were conducted to analyze the influence of the L/S ratio on the bioaccessibility 176 

values in SRM1648a when applying the following leaching agents: Gamble’s solution (G2), 177 

ALF and gastric fluid. The values of L/S ratio (expressed as mL/g) were 500, 1,000, 5,000 and 178 

20,000. A further discussion about the selection of the range of L/S ratio was included in section 179 

3.3. Besides, additional tests using Gamble’s (G1) at L/S ratios of 500 and 5,000 and ultrapure 180 

water at L/S of 500 were conducted.  In each case, 2.5 mg of SRM1648a was weighted and then 181 

between 1.25 and 50 ml of leaching agent was added. 182 

2.5. Metal(loid) analysis  183 

The concentration of V, Mn, Fe, Ni, Cu, Zn, As, Cd, Sb and Pb in the extracts of SRM1648a 184 

was measured by inductively coupled plasma mass spectrometry (ICP/MS, Agilent 7500 CE). 185 

Blanks were measured to check for the potential contamination from vessels and reagents. 186 
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Internal standards (89Y, 103Rh and 185Re) were added to correct for instrumental drifts, and a 187 

collision cell with a helium flow rate of 4.8 ml/min was used to minimize spectral interferences. 188 

Since SLFs and gastric fluid contain various dissolved salts, which can cause spectral as well as 189 

non-spectral interferences (matrix effects) during ICP-MS analysis, the determination of the 190 

concentration of studied metal(loid)s in these leaching agents was performed by adding these 191 

fluids to the Multielement Standard Solution used to calibrate the instrument, leading to worse 192 

detection limits for the studied elements with respect to acidified ultrapure water; anyway, the 193 

concentrations of the studied elements were always above the detection limits. Seven calibration 194 

points between 0 and 25 ppb were used and samples were diluted between 1:1 to 1:100 when 195 

necessary. After calibration and at the end of each analytical run, quality control standards 196 

covering the concentration range of interest were measured to check for the accuracy of the 197 

measurements. The instrument was re-calibrated after not more than 20 samples. 198 

This reference material was previously used by the research group to check the validity of the 199 

total digestion method (Hernández-Pellón et al., 2018); however, there is not a reference 200 

material/method that certifies inhalation bioaccessibility values of trace metal(loid)s. Therefore, 201 

a comparison was made between bioaccessibility data obtained in the literature using the same 202 

reference material, and the same leaching agents and conditions when possible (Pelfrêne et al., 203 

2017), obtaining a reasonable match for most of the studied elements (this is discussed further 204 

below). In addition, all bioaccessibility tests were performed in triplicate (n=3). The average 205 

deviation between replicate samples was < 3.3 % for ALF, < 7.4 for gastric and <7.7 % for 206 

Gamble’s solution.  207 

2.6. Simulation of metal(loid)s solubility by Visual MINTEQ  208 

Visual MINTEQ 3.1. (Gustafsson, 2014) was used to simulate the contact between the leaching 209 

agent and the reference material, in order to understand how the solubility of metals in the 210 

leaching solution changes depending on the composition of simulated fluid and the speciation of 211 

metals. The composition of fluids was introduced as cations and anions, besides, pH, L/S ratio 212 

and temperature were set. The metal(loid)s speciation in SRM1648a is unknown, therefore, 213 
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different metal(loid) species were used to simulate the leaching process. In each simulation, the 214 

solubility fraction of metal(loid)s and species distribution were obtained.  215 

3. Results and discussion 216 

3.1. Influence of the composition of interstitial lung fluids on the bioaccessibility  217 

Gamble’s G1 and G2 solutions were used to analyze the influence of the composition of neutral 218 

lung lining fluids on the bioaccessibility of metal(loids) in SRM1648a. As Figure 2 shows, 219 

analyzed metal(loid)s had low bioaccessibility in Gamble’s G1 using L/S ratios of 500 and 220 

5,000. The results show a stronger impact of L/S ratio on the bioaccessibility of metal(loid)s in 221 

Gamble’s G2: the bioaccessibility using a L/S ratio of 5,000 was much higher than using a L/S 222 

ratio of 500, for example, the mean value of Mn changed from 1.5% at a L/S ratio of 500 to 223 

31.7% at a L/S ratio of 5,000. Besides, the bioaccessibility of some metal(loid)s was similar 224 

using a L/S ratio of 500 in Gamble’s G1 and G2, with the exception of Ni (16.3% G1 and 225 

21.59% G2) and Cu (12.5% G1 and 31.6% G2) that had higher bioaccessibility in Gamble’s G2.  226 

The great difference between bioaccessibility of metal(loid)s in Gamble’s G1 and G2 at a L/S 227 

ratio of 5,000 suggests that some components of Gamble’s G2 increase the solubility of 228 

metal(loid)s. The ionic composition of both fluids is presented in Table S3 of the 229 

Supplementary Material; the main difference is that Gamble’s G1 contents acetate and 230 

Gamble’s G2 glycine. 231 

Since the speciation of metal(loid)s in SRM1648a is unknown, Visual MINTEQ 3.1. was used 232 

to simulate the leaching of some target metal species in Gamble’s G1 and G2 (pH=7.4). For 233 

example, the leaching of Cu, one of the metals showing the greatest difference in solubility 234 

between G1 and G2 fluids, was simulated using Cu3(PO4)2 (0.001M) as target compound. 235 

Visual MINTEQ 3.1. results indicated that the solubility of Cu+2 in Gamble’s G1 and G2 was 236 

3% and 82%, respectively; the different solubility can be explained in Figure 3, where the 237 

distribution of soluble species for Cu+2 in both solutions is shown. With Gamble’s G1, soluble 238 

Cu is mainly associated with CuCO3(aq) and Cu-Citrate- species (Figure 3a). However, when 239 
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Gamble’s G2 was used, the speciation changed significantly with more than 90% of soluble Cu 240 

in the form of Cu-(Glycine)2 (aq) (Figure 3b). Although this should not be interpreted in a 241 

quantitative way, Visual MINTEQ results confirmed that the presence of glycine in Gamble’s 242 

G2 allowed the formation of soluble metal complexes increasing the bioaccessibility of such 243 

metals, as discussed by Kastury et al. (2017).  244 

It is well known that the presence of proteins in SLFs increases the solubility of metal(loid)s. 245 

For example, albumin may play a role in higher metal(loid) extraction observed for Hatch's 246 

solution (Kastury et al., 2018a), because it has the capacity to bind metals through sequestration 247 

(Peters and Blumenstock, 1967). However, amino acids are usually used instead of proteins for 248 

simplicity, and glycine is the most employed, although it was not clear why glycine was chosen 249 

to represent protein among all amino acids (Kastury et al., 2017). In addition, the chelating 250 

efficiency of amino acids is different (Harris and Silberman, 1983) and this may lead to 251 

different bioaccessibility values of selected metal(loid)s (Kastury et al., 2017). Therefore, in the 252 

formulation of Gamble’s solution, it is important to use always the same amino acid (glycine) at 253 

the same concentration. 254 

3.2. Influence of the type of leaching agent on bioaccessibility 255 

A detailed protocol to account for the bioaccessibility of metal(loid)s from inhaled PM should 256 

consider different synthetic body fluids depending on the fate of particles on the human body, 257 

which also depends on the particle size of PM. The pH and chemical composition of these fluids 258 

will affect the solubility of metal(loid)s. For this reason, ultrapure water and different simulated 259 

body fluids (Gamble’s G2 representing interstitial lung fluid, ALF as a surrogate of the acidic 260 

conditions resulting from the macrophage attack to fine particles in alveoli, and gastric fluid to 261 

represent the body fluid in which the coarse particles will be) were used for assessing the 262 

bioaccessibility of potentially toxic metal(loid)s from SRM1648a. Figure 4 shows the mean and 263 

standard deviation of the bioaccessibility of metal(loid)s in the studied fluids at a L/S ratio of 264 

5,000. This L/S ratio was selected for comparison purposes because this value can be achieved 265 

in humans when inhalating 50 µg/m3 of PM10, and considering a total alveolar fluid volume of 266 
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5 mL and a daily air uptake of 20 m3, and assuming that 100 % of the inhaled particles reach the 267 

pulmonary alveoli. Results shown in Figure 4 confirm that the bioaccessibility of metal(loid)s 268 

depends on the type of leaching agents, which differ in pH and chemical composition. The 269 

soluble fraction of metal(loid)s was lower in ultrapure water than in synthetic biological fluids, 270 

with the exception of Ni, which showed similar bioaccessibility values in all the studied 271 

leaching agents. 272 

When the studied neutral fluids were compared (i.e., Gamble’s G2 and water), most metal(loids) 273 

showed higher bioaccessibility in Gamble’s G2, which was attributed to the presence of organic 274 

and inorganic reagents in this SLF that can form soluble metal(loid) complexes, as discussed in 275 

Section 3.1.  In accordance with this, Caboche et al. (2011) indicated that the bioaccessibility of 276 

metals in Gamble’s solution was higher than in water.  277 

The bioaccessibility of most metal(loid)s was higher in ALF than in Gamble’s solution, as 278 

reported in the literature (Wiseman and Zereini, 2014; Mukhtar et al., 2015; Guney et al., 2017; 279 

Hernández-Pellón et al., 2018; Weggeberg et al., 2019; Gosselin et al., 2020; Meza-Figueroa et 280 

al., 2020). Iron and Pb were the metals with the highest difference as shown in Figure 4 (Fe: 1.1 281 

vs 20.0 %; Pb: 1.9 vs 77.3 % in G2 and ALF respectively). This behavior was not observed for 282 

Ni, V and Cu; Pelfrêne et al. (2017) also obtained a similar bioaccessibility in Gamble’s 283 

solution and ALF at a L/S ratio of 5,000. 284 

Moreover, the highest bioaccessibility of Mn, Fe, Zn, As, Cd, Sb and Pb was found in ALF 285 

(pH=4.5), even higher than in gastric fluid (pH=1.5), supporting the idea that pH is not the only 286 

factor that affects the solubility of metal(loid)s. This agrees with the results found by Kastury et 287 

al. (2018b), which showed that the bioaccessibility of Pb, Fe, As and Mn from a reference 288 

material of soil (SRM2710a) was also higher in ALF than in gastric fluid. 289 

Finally, the differences between the bioaccessibility obtained in Gamble’s solution and gastric 290 

fluid at a L/S ratio of 5,000 were not relevant, with the exception of Pb (2 % in Gamble’s (G2) 291 

vs 55 % in gastric), Fe (1 % in Gamble’s (G2) vs 11 % in gastric) and Cd (42 % in Gamble’s 292 

(G2) vs 53 % in gastric). This may be due to how the different composition and pH of both 293 

fluids affect the solubility of the studied metal(loid)s. Visual MINTEQ 3.1. was used to explain 294 

Jo
urn

al 
Pre-

pro
of



12 

 

semi-quantitatively why a few metal(loid)s showed different bioaccessibility in gastric and 295 

Gamble’s fluids, whereas the other metal(loid)s obtained similar bioaccessibility values. In 296 

particular, Pb and Mn were selected as target metals, because Pb showed the greatest difference 297 

in bioaccessibility while Mn solubility was similar in both fluids. As Pb speciation in 298 

SRM1648a was unknown, four Pb solid species were considered; the concentration of Pb 299 

species was calculated in mol/kg from the total certified content of Pb in SRM1648a. The 300 

simulation results using Visual MINTEQ 3.1. are shown in Table S4 of the Supplementary 301 

Material: the soluble fraction of Pb was 100% in gastric fluid in all hypotheses, whereas the 302 

soluble fraction of Pb in Gamble’s solution varies with metal speciation from 5 to 100 %. Also, 303 

a simulation with the four checked Pb solid species was carried out, showing that the soluble 304 

fraction of Pb+2 was higher in gastric fluid (Gamble’s solution 1% vs Gastric fluid 100%). With 305 

respect to Mn, Visual MINTEQ results showed that the soluble fraction of Mn+2 was similar in 306 

the two fluids and for all the studied Mn species (results not shown here). These results explain, 307 

at least qualitatively, the different behavior of Pb and Mn when they are released from the 308 

reference material in Gamble’s and gastric fluids. In addition, this analysis also indicated that 309 

bioaccessibility of some metals, such as Pb, not only may depend on the composition and pH of 310 

synthetic fluid (external factor), but also on their speciation (internal factor). Therefore, the high 311 

variability in metal(loid) bioaccessibility typically found when working with real PM samples 312 

using the same bioaccessibility method with the same extraction fluid may be explained by 313 

changes in the speciation of these metal(loid)s due to the different contribution of sources over 314 

the course of the sampling campaigns. 315 

3.3. Influence of the L/S ratio on the bioaccessibility of metal(loid)s 316 

According to Macklin (1955), an average alveolar fluid depth of 0.2 μm covering a surface area 317 

of 100 m2 would lead to a total alveolar fluid volume of 20 mL. Considering conditions of 318 

inhalation exposure for 24 h under a large range of particle concentrations from 20 to 500 319 

μg/m3, and assuming that 100% of the inhaled particles reach the pulmonary alveoli with a daily 320 

air uptake between and 10 and 20 m3 and a total alveolar fluid volume ranging from 5 to 20 mL, 321 
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the corresponding L/S ratio could vary between 100,000 and 500 mL/g (Caboche et al., 2011; 322 

Pelfrêne et al., 2017; Kastury et al., 2018a). This has resulted in a wide range of L/S ratios used 323 

in the literature for bioaccessibility tests. For example, Caboche et al. (2011) used L/S ratios 324 

between 30 and 50,000 to obtain the bioaccessibility of four reference materials representing 325 

different types of particles (NIST 1648a, BC 038, NIES 8 and NIST 2548) in Gamble’s 326 

solution. These authors suggest that L/S ratios below 500 present risk of saturation of solution 327 

or competition between the soluble elements.  Pelfrêne et al. (2017) studied the bioaccessibility 328 

of three reference materials (BCR-723, NIST2710a and NIST1648a) using four ratios from 100 329 

to 10,000 in Gamble’s solution and ALF; these authors observed an impact of the L/S ratio on 330 

the bioaccessibility of some metal(loid)s in Gamble’s solution. In the same way, Kastury et al. 331 

(2018a; 2018b) reported an increased metal(loid)s bioaccessibility at higher L/S ratios when 332 

using Gamble’s solution, but not when using ALF. 333 

Besides, the standardization protocol developed by U.S.EPA to measure the metal 334 

bioaccessibility in soils recommended a L/S ratio of 100 to reduce the effect of metal 335 

dissolution (U.S.EPA, 2007). However, although this ratio can be applied with reference 336 

materials, higher L/S ratios are needed with ambient PM samples because of the low sample 337 

weight typically collected with low volume samplers. As a summary, the variation of 338 

bioaccessibility of metal(loid)s in Gamble’s solution with the L/S ratio is uncertain in the 339 

literature and in gastric fluid is unknown for urban dust. 340 

Taking into account the results found in the literature and the experimental constraints, four L/S 341 

ratios ranging from 500 to 20,000 were used to analyze the influence of L/S ratio on 342 

bioaccessibility in Gamble’s solution, ALF and gastric fluid. As Figure 5 shows, the 343 

bioaccessibility of V, Mn, Fe, Ni, Cu, Zn, As, Cd, Sb and Pb in Gamble’s G2 increased 344 

logarithmically with the L/S ratio, while it remained almost constant in gastric and ALF fluids. 345 

The effect of the L/S ratio on the bioaccessibility in Gamble’s solution is similar to that found in 346 

a study conducted by Pelfrêne et al. (2017) for Cd, Mn and Zn. However, the study of Pelfrêne 347 

et al. (2017) showed that the behavior of Cu and Ni was different: the bioaccessibility of Cu was 348 

constant while that of nickel decreased with the L/S ratio; the later can be due to the worse 349 
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detection limit of the ICP-OES used by Pelfrêne et al. (2017) with respect to that of ICP-MS 350 

used in this work, which may difficult the determination of some metals at high L/S ratios. 351 

Kastury et al. (2018a) also found that As and Pb bioaccessibility in SRM2710a and some PM10 352 

filters prepared from soil at 120 h using a L/S ratio of 5,000 was significantly higher than that 353 

using L/S ratios of 100, 500 and 1,000. A similar trend was also found by these authors for Al, 354 

Cd, Fe, Mn and Zn, with the highest metal bioaccessibility at L/S of 5,000. Sysalová et al. 355 

(2014) also found a similar behavior for As, Cd, Cr, Mn, Ni, Pb and Zn with real PM samples, 356 

but using the Hatch’s solution in a range of L/S between 100 and 1,000. With respect to ALF, 357 

Pelfrêne et al. (2017) and Kastury et al.(2018b) reported that metal(loid)s bioaccessibility is not 358 

significantly affected by the L/S ratio in accordance with the results shown in Figure 5. 359 

However, the results showing the effect of the L/S ratio on the bioaccessibility of many 360 

metal(loid)s have not been explained yet in the literature. First, we have to be aware that some 361 

physiochemical parameters can affect the release of pollutants from solids, such as contact, 362 

particle size, temperature, pH and composition of leaching agents, kinetics, leaching 363 

mechanisms, etc. A first hypothesis may be that when using Gamble’s solution, the 364 

concentration of solubilized metal(loid)s at the end of the extraction period may not be in 365 

equilibrium due to kinetic limitations of the release of such metal(loid)s. However, according to 366 

the literature, a contact time of 24 hours should be enough to reach the equilibrium conditions; 367 

thus, Caboche et al. (2011) reported that the results obtained for four SRMs suggest that the 368 

bioaccessibility is maximized after a 24 h extraction time for L/S ratios ranging from 500 to 369 

50,000. Similarly, Kastury et al. (2018b) reported that for As and Pb dissolution in ALF 370 

plateaued within 24 h. In addition, bioaccessibility in gastric fluid is practically constant using a 371 

contact time of only one hour. 372 

To xplain the different behavior of bioaccessibility with the L/S ratio in Gamble’s, ALF and 373 

gastric fluids, it was assumed that different leaching controlling mechanisms may occur when 374 

using Gamble’s solution with respect to ALF and gastric fluid according to their different 375 

metal(loid)s solubilities. Solubility control occurs when the solution in contact with a solid is 376 

saturated with respect to the constituent species of interest, this means that at a given L/S ratio 377 
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the soluble concentration is the saturation concentration. When the L/S ratio is increased, the 378 

release of a given metal increases at higher L/S ratios to reach the equilibrium concentration. 379 

This means that the soluble fraction (bioaccessibility) will increase with L/S ratio until the 380 

maximum solubility is reached (see Figure 6a); this is the behavior observed for Gamble’s 381 

solution. Availability is defined as the maximum amount of a component that can be released 382 

from a solid into solution under aggressive leaching conditions. Under availability-controlled 383 

conditions, the resulting metal concentration in solution will decrease with L/S ratio because the 384 

same amount of metal will be released, leading to a metal dilution because of the larger leachate 385 

volume. However, the soluble fraction will remain constant with the L/S ratio (see Figure 6b), 386 

this value being the availability (Kosson et al., 1996). This behavior agrees well with that found 387 

in ALF and gastric fluid. These leaching mechanisms have been used previously to explain the 388 

different leaching behavior of some elements from solid wastes when changing the L/S ratio 389 

(Van der Sloot et al, 1997). According with these hypotheses, the leaching of metal(loid)s in 390 

Gamble’s solution is assumed to be solubility-controlled, while in more acidic fluids (i.e. when 391 

using ALF and gastric fluid), is assumed to be availability-controlled.  392 

3.4. Recommendations for a unified inhalation bioaccessibility protocol 393 

In view of these results, the composition of the simulated interstitial fluid, the type of leaching 394 

agent and the L/S ratio are factors that influence the assessment of inhalation bioaccessibility.  395 

The following recommendations are derived from the present study: (i) The assessment of the 396 

bioaccessibility of PM-bound metal(loid)s by the inhalation route should consider both the use 397 

of synthetic lung fluids for fine particles (PM2.5) and gastric fluid for coarse particles (PM10-398 

2.5).  399 

(ii) The use of two types of lung fluids (neutral, such as Gamble’s solution, and acid, such as 400 

ALF) allows to account for two scenarios in which fine particles may be found in the lung. (iii) 401 

Since the composition of neutral lung lining fluids can dramatically affect the solubility of some 402 

metal(loid)s, a unique composition that closely simulates the interstitial pulmonary fluid should 403 

be used; Gamble’s G2 solution is recommended for this purpose. (iv) Since the bioaccessibility 404 
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in ALF and gastric fluid is almost independent of the L/S ratio, a relatively low L/S ratio (e.g. 405 

500 to 1,000) is recommended, because this will allow to determine the bioaccessibility of 406 

elements present in very low concentrations in PM and even when small amounts of PM are 407 

collected in filters (e.g. PM personal samplers). However, it is important to avoid working at 408 

L/S ratios less than 5,000 when using Gamble’s (G2) fluid, since bioaccessibility increases 409 

logarithmically with the L/S ratio, mainly in the range between 500 and 5,000. Ideally, this test 410 

should be conducted at the highest possible L/S ratio that allows the metal concentration to be 411 

quantified in the Gamble’s bioaccessibility assay.  412 

4. Conclusions 413 

The bioaccessibility of metal(loid)s in urban dust (SRM 1648a) has been investigated using 414 

different surrogate fluids (Gamble’s G1 and G2, ALF, gastric and ultrapure water), and L/S 415 

ratios in order to provide new insights into the development of a unified protocol for the 416 

assessment of inhalation bioaccessibility. The results first showed the high influence of the 417 

composition of the neutral lung fluid (Gamble’s solution) on the bioaccessibility of metal(loid)s; 418 

at a L/S ratio of 5,000 it was one order of magnitude lower in Gamble’s G1 than in G2, due to 419 

the presence of glycine in Gamble’s G2 leading to the formation of soluble metal complexes. As 420 

expected, the type of leaching agent (ultrapure water, Gamble’s G2, ALF and gastric) 421 

influenced the soluble fraction of metal(loid)s: most the analyzed metal(loid)s at a L/S ratio of 422 

5,000 achieved the highest bioaccessibility in pulmonary ALF and the lowest in ultrapure water, 423 

with the exception of Ni and V, which showed similar bioaccessibility values in all the studied 424 

leaching agents. When gastric and Gamble’s G2 fluids were compared at a L/S ratio of 5,000, 425 

similar bioaccessibility values were found for most of the studied metal(loid)s, with the 426 

exception of Pb and Fe (2 %Pb in Gamble’s G2 vs 55 %Pb in gastric; 1 %Fe in Gamble’s G2 vs 427 

11 %Fe in gastric). Visual MINTEQ 3.1. was used to explain semi-quantitatively why Pb 428 

showed such different bioaccessibility in gastric and Gamble’s fluids; Visual MINTEQ results 429 

also indicated that metal(loid)s bioaccessibility in PM samples could depend not only on the 430 

composition and pH of the synthetic fluid, but also on their speciation. Finally, the 431 
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bioaccessibility of metal(loid)s for L/S ratios ranging from 500 to 20,000 in ALF and gastric 432 

fluid was almost constant with the L/S ratio; however, it increased logarithmically with the L/S 433 

ratio in Gamble’s G2. This different behavior was attributed to different leaching mechanisms 434 

of metal(loid)s from the studied reference material: in Gamble’s solution it was assumed to be 435 

solubility-controlled, while in ALF and gastric fluid availability-controlled. 436 
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Table 1. Composition of simulated lung fluids: Gamble’s (G1), Gamble’s (G2) and ALF. 

Reagents Formula 

Gamble 

G1(g/L) 

PH 7.4±0.1 

Gamble 

G2(g/L) 

PH 7.4±0.1 

ALF 

(g/L) 

4.5±0.1 

Magnesium chloride 

hexahydrate 
MgCl2 6∙H2O 0.095 - 0.050 

Sodium chloride NaCl 6.019 6.779 3.210 

Potassium chloride KCl 0.298 - - 

Disodium hydrogen 

phosphate 
Na2HPO4 0.126 0.142 0.071 

Sodium sulphate Na2SO4 0.063 - 0.039 

Calcium chloride dihydrate CaCl2 2∙H2O 0.368 0.026 0.128 

Sodium acetate NaC2H3O2 0.574 - - 

Sodium hydrogen carbonate NaHCO3 2.604 2.268 - 

Sodium citrate dihydrate C6H5Na3O7 2∙H2O 0.097 0.055 0.077 

Ammonium chloride NH4 Cl - 0.535 - 

Sodium hydroxide NaOH - - 6.000 

Citric acid C6H8O7 - - 20.800 

Glycine NH2CH2COOH - 0.375 0.059 

Sodium tartrate dihydrate C4H4O6Na2 2∙H2O - - 0.090 

Sodium lactate C3H5NaO3 - - 0.085 

Sodium pyruvate C3H3O3Na - - 0.086 
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Figure 1. Bibliographic comparison of the bioaccessibility values of Mn, Cu, Zn and Pb in SRM 1648a using 
Gamble’s solutions. 
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Figure 2. Bioaccessibility of metal(loid)s in SRM1648a using two type of Gamble’s fluid (G1 and G2) and two L/S 
ratios (500 and 5,000). 
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          (a) Gamble’s G1                                                                   (b) Gamble’s G2 

Figure 3. Visual MINTEQ 3.1. speciation modeling results for contacting Gamble’s G1 and G2 with Cu3(PO4)2 
0.001M.  
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Figure 4. Bioaccessibility (%) of SRM1648a in water, Gamble’s solution (G2), gastric fluid and ALF at a L/S ratio of 
5,000. 
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Figure 5. Variation of bioaccessibility (%) of SRM1648a in Gamble’s G2 (●), gastric fluid (▲) and ALF fluid (♦) with the L/S ratio for metal(loid)s.  
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Figure 6. Solubility vs availability controlled leaching mechanisms: (a) Solubility controlled: total metal 
concentration 500 mg/kg; metal availability 350 mg/kg; metal solubility 50 µg/L. (b) Availability controlled: total 
metal concentration 500 mg/kg; metal availability 350 mg/kg; metal solubility 7000 µg/L. 
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HIGHLIGHTS 

• The inhalation bioaccessibility of metal(loid)s was assessed in urban dust, SRM1648a 
• Bioaccessibility depends on the surrogate biological fluid and metal(loid) speciation 
• The composition of the interstitial pulmonary fluid affects the bioaccessibility 
• Increased liquid-solid ratios lead to greater bioaccessibility in Gamble's solution 
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