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Environmental context 17 

Metals in airborne particles can interact with lung fluids once particles are inhaled. 18 
Water solubility of particle-bound metals is often used to define their bioavailability. We 19 
show that particle-bound metals exhibit a complex dissolution kinetics in a surrogate 20 
lung fluid, their solubility and dissolution kinetics are driven by the fluid composition, 21 
and only to a minor extent by atmospheric aqueous phase processing of aerosols. 22 
 23 

Abstract 24 

Rationale. Metals in airborne particles can interact with lung fluids once particles are 25 
inhaled and cause oxidative stress. Their oxidative potential is dependent on their 26 
solubility and dissolution kinetics in the lung fluids. Methodology. In this study, we 27 
collected PM2.5 samples from the city of Padova (Italy), in the northern Italian Po Valley. 28 
We investigated the solubility and dissolution kinetics of particle-bound metals in a 29 
surrogate epithelial lining fluid (SELF) and compared the results to those obtained for a 30 
fog water. Results. We found that most elements present a complex dissolution 31 
kinetics characterised by three phases: 1) immediate dissolution, 2) first-order 32 
dissolution, and 3) first-order precipitation. We observed that the speciation of metal 33 
ions in the SELF influences the dissolution kinetics of each element. We also found that 34 
atmospheric aqueous phase processing in fog can influence the dissolution kinetics of 35 
the elements in SELF. Discussion. The speciation study showed that the SELF 36 
composition is the main driver of metal solubility and dissolution kinetics with only a 37 
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minor influence of atmospheric fog processing. Therefore, metal bioavailability is 38 
mainly determined by the biological fluid composition. 39 
 40 
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1 Introduction 44 

Atmospheric particulate matter (PM) is a pollutant of major concern worldwide 45 
(Mudway et al. 2020a; World Health Organisation 2023). PM-bound metals and 46 
metalloids are among the chemical components known to cause adverse health 47 
effects. The speciation of these components, i.e., the chemical form and concentration 48 
at which they are present in aqueous environments, can drive the interaction that those 49 
elements have with the lung fluids once PM is inhaled (Charrier et al. 2014; Luo et al. 50 
2019; Lyu et al. 2018). 51 
It has been shown that aqueous phase processing in the atmosphere (e.g., in fog and 52 
deliquescent aerosols) can alter the speciation picture of atmospheric PM by increasing 53 
organic oxidation (Carlton et al. 2007; Ervens 2015; Ervens et al. 2014, 2011; Ervens and 54 
Volkamer 2010; Waxman et al. 2013) and promoting the formation of metal-ligand 55 
complexes (Giorio et al. 2017; Pang et al. 2019; Scheinhardt et al. 2013; Tapparo et al. 56 
2020; Yuegang and Jürg 1992). The formation of metal-ligand complexes in fog and 57 
aqueous aerosol has been shown to change the solubility and dissolution kinetics of 58 
PM-bound metals in aqueous environments (Giorio et al. 2022; Di Marco et al. 2020; 59 
Tapparo et al. 2020) as well as their oxidative potential (Shahpoury et al. 2024, 2021). 60 
The bioaccessible fraction of metals contained in PM is often assessed through 61 
experiments in which samples are solubilised in surrogate lung fluids with various 62 
degrees of complexity (Coufalík et al. 2016; Innes et al. 2021; Marques et al. 2011; 63 
Wiseman 2015). The most used surrogate lung fluid is the Gamble’s solution (Berlinger 64 
et al. 2008; Colombo et al. 2008; Coufalík et al. 2016; Hernández-Pellón et al. 2018; 65 
Huang et al. 2018, 2016; Kumar et al. 2017; Pelfrêne et al. 2017; Wiseman et al. 2018; 66 
Xie et al. 2019). The Gamble’s solution contains several salts to make up the 67 
electrolytes naturally present in the epithelial lining fluid (e.g., chloride, sulphate, 68 
phosphate, acetate, carbonate, sodium, magnesium, potassium, calcium) and 69 
additionally contains citrate as a surrogate for more complexing agents. Boisa et al. 70 
(2014) proposed a more realistic and more complex surrogate epithelial lining fluid 71 
(SELF) based on the Gamble’s solution, without citrate, but with added ascorbic acid, 72 
uric acid and glutathione as the main anti-oxidants in the lung fluids, dipalmitoyl 73 
phosphatidyl choline (DPPC), a major phospholipid in human respiratory tract fluids, 74 
albumin and mucin as the most abundant proteins, and glycine and cysteine, also 75 
naturally present and with anti-inflammatory properties. Both the Gamble’s solution 76 
and SELF have a pH buffered at 7.4, the physiological pH in the lung (Coufalík et al. 77 
2016). SELF was the fluid of choice for studies investigating the oxidative potential of 78 
aerosols (Shahpoury et al. 2024, 2021, 2019). Another extensively used surrogate 79 
solution is the artificial lysosomal fluid (ALF) which is similar to the Gamble’s solution, 80 
without acetate and carbonate, and with added tartrate, lactate, and pyruvate (Coufalík 81 
et al. 2016; Stopford et al. 2003; Thélohan and De Meringo 1994). Unlike the other 82 
surrogate lung fluids, ALF, which simulates the conditions of macrophage phagocytosis, 83 
has a pH of 4.5-5.0 (Coufalík et al. 2016). ALF has also been used for oxidative potential 84 



assays (Expósito et al. 2024). Kumar et al. (2017) developed another synthetic lung fluid 85 
with more realistic fluid structure, biocompatibility, and greater performances for 86 
inhalation biopharmaceutical assays. Respiratory tract lining fluid (RTLF) collected by 87 
bronchoalveolar lavage has also been used (Frølich et al. 2024), however real fluids are 88 
more difficult to source, and their reproducibility is affected by natural variability. 89 
It has been proven that PM induces oxidative stress in vivo (Mudway et al. 2020b), 90 
causing adverse health outcomes (Frølich et al. 2024; Meng et al. 2023; Mudway et al. 91 
2020a; Zhang et al. 2021a, 2021b) . However, evaluating the oxidative potential of PM 92 
proves to be challenging as the outcome of common laboratory assays depends on the 93 
specific type of assay used (Bates et al. 2019; Campbell et al. 2019; Charrier et al. 2014; 94 
Crobeddu et al. 2017; Lelieveld et al. 2021)  as well as the fluid composition (Calas et al. 95 
2017).   96 
Despite the importance of surrogate lung fluids and metal-induced oxidative potential, 97 
to the authors’ knowledge there are only very few studies investigating and reporting on 98 
the dissolution kinetics of particle-bound metals (Huang et al. 2016; Julien et al. 2011; 99 
Mazziotti Tagliani et al. 2017)  and metalloids (Boisa et al. 2014; Kastury et al. 2018) into 100 
those fluids. 101 
Solubility and dissolution kinetics of PM-bound metals can be affected by the 102 
composition of the aqueous media as well as the composition of the PM samples 103 
themselves. Therefore, in this study, we investigated the solubility and dissolution 104 
kinetics of various metals in a surrogate of the epithelial lining fluid for PM2.5 samples 105 
collected in an urban background location in the city of Padua (Italy). The solubility and 106 
dissolution kinetics in SELF are compared with data obtained in equivalent experiments 107 
performed using a simulated fog water for the same samples. Contrasting solubilities 108 
and dissolution kinetics in the two aqueous environments under study are discussed, 109 
as well as the influence of atmospheric conditions (such as the presence of fog events), 110 
PM sample composition, and dissolving fluid composition. 111 
 112 

2 Materials and Methods 113 

2.1 Chemicals 114 

2.1.1 SELF 115 
SELF preparation was done using the following ingredients: albumin (≥98.0%, Sigma 116 
Aldrich, ascorbic acid (≥99.0%, Sigma Aldrich, cysteine (≥97.0%, Sigma Aldrich), 117 
disodium hydrogen phosphate (99.95% trace metals basis, Sigma Aldrich), glutathione 118 
( ≥97.0%, Fluka (Analytical)), glycine (≥98.5%, Sigma Aldrich), mucin (from porcine 119 
stomach, type II, Sigma Aldrich), potassium chloride (99-100%, Fisher Scientific), uric 120 
acid (≥99% , Sigma Aldrich), calcium chloride dihydrate (99.999% trace metals basis, 121 
Sigma Aldrich), magnesium chloride hexahydrate (≥98.0%, Sigma Aldrich), sodium 122 
sulphate (≥99.0% , Fisher Scientific), sodium chloride (99.6%, Fisher Scientific), sodium 123 
hydrogencarbonate (≥99.7%, Fisher Scientific), and dipalmitoylphosphatidylcholine 124 



(Avanti Polar Lipids). All solutions were prepared and diluted using ultrapure water 125 
obtained with a Millipore Plus System (Milan, Italy, resistivity 18.2 Ω/cm). Hydrochloric 126 
acid (37%, for analysis, Supelco) was used for pH adjustment and Chelex® 100 sodium 127 
form (Sigma Aldrich) was used for purification of the SELF (see section 2.3). 128 
 129 

2.1.2 ICP-MS analysis 130 
A calibrating mixed standard solution containing calcium 2500 ppm, cobalt 0.1 ppm, 131 
copper 1 ppm, iron 20 ppm, magnesium 1500 ppm, manganese 5 ppm, lead 0.2 ppm, 132 
tin 1 ppm, and zinc 10 ppm in HNO3 3.5% was prepared by dissolving the proper amounts 133 
of calcium chloride (Merck, ≥ 99%), magnesium chloride (Merck, ≥ 99%), and standard 134 
solutions for ICP analysis (Thermo Fisher, 1000 mg/L in HCl or HNO3) for the other metals. 135 
Rhenium, Germanium, and Terbium standard solutions for ICP (1000 mg/L in 2% HNO3), 136 
used as internal standards, were purchased from Sigma Aldrich. Nitric Acid (68.5–137 
69.5%, Aristar for trace analysis) was purchased from VWR. 138 
 139 

2.2 Sample collection 140 

Urban outdoor sampling of PM2.5 was performed at the 6th. floor of the Department of 141 
Chemical Sciences of the University of Padova (Italy), from the 1st February to the 14th 142 
March 2019. Two samples were collected daily in parallel (24 hours sampling, from 9 AM 143 
to 9 AM), on Teflon Filters (PALL, fiberfilm, Ø 47 mm, 2.0 µm pore size), using air cube He 144 
pumps fitted with a PM2.5 certified selector (CEN standard method UNI-EN 14907) 145 
working at a constant flow rate of 2.3 m3/h, as in previous studies.  146 
The filters, pre-cleaned by sonication in ultrapure water, were conditioned for 24 h 147 
inside a Q-Box3 Momo Line box at 20 ± 1°C and at 50 ± 5% relative humidity and 148 
weighed before and after sampling. The filter samples were then stored at −18 °C until 149 
analysis. 150 
 151 

2.3 SELF preparation 152 

To prepare 1 L of SELF, inorganic salts (MgCl2·6H2O, NaCl, KCl, Na2HPO4, Na2SO4, 153 
NaHCO3, and CaCl2·2H2O) were weighted and solubilised, in the reported order, in 154 
approx. 500 mL of water (see Table 1 for the specific amounts of each reagent). The pH 155 
was checked during the solubilisation and adjusted to 7.4 ± 0.2 using HCl before adding 156 
CaCl2·2H2O in order to avoid precipitation of species. 157 
Separately, albumin, ascorbic acid, cysteine, glutathione, glycine, mucin, and uric acid 158 
were solubilised in approx. 500 mL of milliQ water (see Table 1). This solution was 159 
cleaned up by using the chelating resin Chelex® 100 (batch technique performed for 3 160 
subsequent times). ICP internal standards Re, Ge, and Tb were then added (final 161 
concentration in SELF 25 ppb each). The pH was adjusted to 7.4 ± 0.2 using HCl and the 162 
two solutions were then pooled together. DPPC was solubilised in 2-3 mL of CHCl3 and 163 



then transferred in a 1 L volumetric flask. After the evaporation of CHCl3, small portions 164 
of the aqueous solution were progressively added on the thin layer of dried DPPC, each 165 
addition was followed by sonication in order to obtain a homogeneous dispersion. pH 166 
was checked, adjusted to 7.4 ± 0.2 using HCl and the volume was brought to 1 L by 167 
adding water. SELF was stored in the fridge (for up to 48 hrs) until used for dissolution 168 
experiments. 169 
 170 

Table 1. Composition of the surrogate epithelial lining fluid (SELF) used in this study, as reported 171 
also by Boisa et al. (2014).Boisa et al. (2014).DPPC = dipalmitoylphosphatidylcholine. 172 

Class Compound Concentration [mg/L] 
Inorganic salts MgCl2*6H2O 200 

NaCl 6020 
KCl 298 
Na2HPO4 150 
Na2SO4 72 
NaHCO3 2700 
CaCl2*2H2O 256 

Antioxidants Ascorbic Acid 18 
Uric Acid 16 
Glutathione 30 

Aminoacids Cysteine 122 
Glycine 376 

Proteins Albumin  260 
Mucin  500 

Surfactant DPPC 100 

 173 

2.4 Dissolution kinetics measurements 174 

The dissolution experiments were performed adapting the procedure described by Di 175 
Marco et al. (2020), but using SELF as the leaching solution rather than fog water. Briefly, 176 
the dissolution experiments were performed by introducing 3/4 of a filter piece in a 177 
glass filter holder which was then inserted in a water-jacketed cell (Metrohm) containing 178 
approximately 40 mL of SELF. Filters having less than 2 mg of PM2.5 were pooled and 179 
extracted together. A constant stirring was applied and a Haake F3 cryostat allowed to 180 
maintain a constant temperature of 37 ± 0.1°C throughout the whole experiment. 181 
Twenty samples’ withdrawals (800 μL each) were performed at the following times: 0, 1, 182 
2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 20, 24, 28, 32, 60, 120, 180, and 240 min. Samples were 183 
then weighted, filtered using membrane syringe filters (pore size: 0.2 µm, RC 184 
membrane, Phenomenex 4 mm) to remove the insoluble solid fraction and to quantify 185 
only soluble metal species, and stored at -18 °C until analysis. A kinetics experiment 186 
was also performed on a clean blank filter (procedural blank) to confirm the absence of 187 
any dissolution pattern for the studied elements. 188 



 189 

2.5 ICP-MS analysis 190 

Samples were diluted 1:10 with the assay diluent composed of 1% v/v HNO3 in ultrapure 191 
water and analysed by an ICP-QMS (NexION 350X ICP-MS, Perkin Elmer, Waltham, 192 
Massachusetts, USA) system equipped with a collision system using helium as collision 193 
gas(Nicolli et al. 2020)Click or tap here to enter text.. The instrument was run under 194 
standard operating conditions with a RF power of 1,600 W and an Argon flux of 18 L/min 195 
as used in previous studies for biological samples (Gu et al. 2011; Hogeling et al. 2019; 196 
Nicolli et al. 2020; Zhang et al. 2019). Helium fluxes were 1 ml/min for Pb and Sn, 3.6 197 
ml/min for Cu and Fe, and 4.8 ml/min for Co, Mn, and Zn. Isotopes used for 198 
quantification were: 59Co, 63Cu, 57Fe, 55Mn, 208Pb, 118Sn, and 66Zn.To correct for the matrix 199 
effect that occurs when performing ICP-MS analysis the calibration curve was prepared 200 
in the same matrix used to perform the leaching experiments. The standard solution 201 
containing Ca, Co, Cu, Fe, Mg, Mn, Pb, Sn, and Zn was spiked in different and known 202 
amounts in SELF, and the obtained solutions were processed and analysed by ICP-MS as all 203 
the other samples. The concentration of each element in the samples was corrected by the 204 
internal standard and back calculated from the calibration curve. 205 
Since during the kinetics experiment the volume of SELF in the cell was progressively 206 
decreasing due to sample withdrawals, the obtained concentrations needed to be 207 
corrected using the formula proposed by Di Marco et al. (2020). The obtained 208 
concentrations expressed as µg/L were then converted in concentration in air (ng/m3) by 209 
considering the mass of element (ng) from the concentration in the extracts, the portion of 210 
filter analysed and the volume of sampled air (m3). 211 
 212 

2.6 Speciation calculations 213 

Speciation calculations were performed using the thermodynamic modelling program 214 
Visual MINTEQ 3.1 (https://vminteq.lwr.kth.se) used in the previous studies describing 215 
the kinetics and speciation of metals in fog water (Giorio et al. 2022). Like other 216 
speciation programs, Visual MINTEQ 3.1 requires as input data the species which are 217 
considered to be contained in the sample, and their total concentration. The input 218 
species were acetate-, NH4

+, Ca2+, Cl-, Cu2+, Fe2+, Fe3+, glycine, HCO3
-, HPO4

2-, K+, 219 
malonate2-, Mg2+, Mn2+, Na+, NO3

-, oxalate2-, Pb2+, SO4
2-, succinate2-, and Zn2+. The total 220 

concentrations for Cu2+, Fe2+, Fe3+, Mn2+, Pb2+, and Zn2+ were those measured at 221 
equilibrium, which was considered to be reached at the end of the kinetics experiment 222 
(240 min). Since the partitioning of Fe2+ and Fe3+ could not be determined by ICP-MS, 223 
half of the iron was considered as Fe2+ and half as Fe3+ as used in previous studies 224 
(Giorio et al. 2022; Scheinhardt et al. 2013; Shahpoury et al. 2024). This ratio between 225 
Fe2+ and Fe3+ used in this study represents a best guess given the dynamic nature of the 226 
Fe2+/Fe3+ couple in atmospheric aerosol (Mao et al. 2017). The total concentrations of 227 
acetate-, succinate2-, NO3

-, malonate2-, oxalate2-, and NH4
+ were obtained by introducing 228 
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1/4 of a filter piece in a water solution and by analysing the latter through ion 229 
chromatography (Giorio et al. 2022). For Cl-, SO4

2-, HPO4
2-, Na+, K+, Mg2+, and Ca2+, the 230 

input concentration was given by the sum of the concentrations present in SELF plus 231 
those obtained by ion chromatography (Giorio et al. 2022). The concentration of glycine 232 
used was that contained in SELF.  233 
Ascorbic acid, uric acid, albumin, cysteine, mucin, glutathione, and DPPC were not 234 
included in the model, because their concentrations were low. For this reason, their 235 
contribution to metal speciation would be negligible when compared to other SELF or 236 
PM-released components.  237 
Other parameters imposed for the speciation calculation were the following: T = 37 °C, 238 
pH = 7.4, correction of Davies activity included. 239 
 240 

2.7 Statistical tests 241 

Final data reported in the tables were checked for outliers using the Tukey’s rule. 242 
Correlation tests were performed in R (v 4.3.1) by using the Spearman’s rank method 243 
(Field et al. 2012), the Hoeffding’s test of independence (Hoeffding 1948), and the  ξ 244 
coefficient and test proposed by Chatterjee (2021). A correlation or dependence was 245 
considered significant if the computed p-value was below 0.05.  246 
 247 

3 Results and Discussion 248 

The PM2.5 samples used in this study were collected in parallel to the samples used in 249 
Giorio et al. (2022). The period of the sampling campaign was characterised by relative 250 
humidity ranging between 36% and 100%, average daily temperatures between 3.3 ºC 251 
and 11.4 ºC, and no precipitations. Fog events were observed mostly in the morning on 252 
the 1st and 20th of February, and on the 4th of March 2019 (Giorio et al. 2022). PM2.5 253 
concentrations were consistently high, with a median daily concentration of 51 µg/m3 254 
and an interquartile range of 37 µg/m3, representing typical air quality conditions of the 255 
Po Valley (Italy) in the winter season (Giorio et al. 2022). 256 
 257 

3.1 Dissolution kinetics and solubilities of particle-bound elements in SELF 258 

Dissolution kinetics were studied in a solution simulating lung fluid at T = 37 ºC and pH 259 
= 7.4. The SELF used in this study is the one proposed by Boisa et al. (2014) which 260 
consists of a Gamble solution without citrate but with added antioxidants, surfactants, 261 
and proteins naturally present in the human lung fluid. Additional details on the SELF 262 
composition can be found in section 2.3.  263 
Previous studies reported that the leaching rate from the PM, determined by the 264 
dissolution of the elements from the particle surface, follows a first order kinetics law 265 
(Desboeufs et al. 1999; Giorio et al. 2022; Huang et al. 2016; Joshi et al. 2009; Di Marco 266 
et al. 2020; Wu et al. 2023). Those studies focused on environmental aqueous solutions 267 



such as fog water, surface waters, sea water as well as surrogate lung fluids. In this 268 
study, we observed first-order dissolution kinetics for Cu and for some other metals 269 
only in a handful of cases (Figure 1). When first-order dissolution kinetics was observed, 270 
data were fitted using the following equation, as used in previous studies (Giorio et al. 271 
2022; Di Marco et al. 2020): 272 
 273 

𝐶𝐶𝑡𝑡 = 𝐶𝐶𝑒𝑒 − 𝐴𝐴𝑒𝑒−𝑘𝑘𝑘𝑘 274 
 275 
Where A is the pre-exponential factor, k is the kinetics constant, Ct represents the 276 
concentration at time t, and Ce represents the concentration of the element in solution 277 
at the equilibrium (t = 240 min), i.e., the element solubility under the experimental 278 
conditions (SELF at pH = 7.4 and T = 37 ºC). The data fitting was done using a direct 279 
weighing based on the timestamp to account for unequally spaced data points. 280 
In the majority of cases we observed here a non-monotonic dissolution kinetics in 281 
which a fraction of the metal is dissolved in solution immediately, a fraction of the metal 282 
is being dissolved following a first-order dissolution kinetics, and then precipitation 283 
occurs over time that removes metal ions from the leaching solution (Figure 1). This 284 
more complex dissolution kinetics was previously observed in a simulated fog water 285 
only for Pb, and it was attributed to a possible precipitation of PbSO4 in which both Pb 286 
and sulphate were released in solution from the PM (Giorio et al. 2022; Di Marco et al. 287 
2020). It was also observed for Pb in Gamble’s and Hatch’s solutions (Kastury et al. 288 
2018). When this more complex profile was observed, data were fitted as follows: 289 
 290 

�
𝑡𝑡 < 𝑡𝑡𝑐𝑐 ∶  𝐶𝐶𝑡𝑡 = 𝐶𝐶𝑒𝑒 + (𝐶𝐶𝑐𝑐 − 𝐶𝐶𝑒𝑒) + (𝐶𝐶0 − 𝐶𝐶𝑒𝑒) × �𝑒𝑒−𝑡𝑡𝑐𝑐𝑘𝑘𝑔𝑔 − 𝑒𝑒−𝑡𝑡𝑘𝑘𝑔𝑔�

𝑡𝑡 > 𝑡𝑡𝑐𝑐 ∶  𝐶𝐶𝑡𝑡 = 𝐶𝐶𝑒𝑒 + (𝐶𝐶𝑐𝑐 − 𝐶𝐶𝑒𝑒) × 𝑒𝑒−(𝑡𝑡−𝑡𝑡𝑐𝑐)𝑘𝑘𝑑𝑑
 291 

 292 
where Ct represents the concentration at time t, and Ce represents the concentration of 293 
the element in solution at the equilibrium, C0 is the concentration in solution at t = 0, Cc 294 
represents the concentration of the element in solution at time tc, which is the time 295 
corresponding to the point at which the maximum concentration in solution (Cc) is 296 
reached before the observed decay starts, kg is the kinetics constant of the first-order 297 
dissolution process, and td is the kinetics constant of the first-order decay. 298 
The occurrence of a time-dependent leaching was investigated for each element in 299 
each sample by calculating the ξ coefficient and testing the significance of the time-300 
dependent leaching (Chatterjee 2021). The test aims at identifying whether the 301 
dissolution of particle bound metals into SELF follows a time-dependent leaching, 302 
either as a first-order kinetics or as a more complex non-monotonic kinetics, as 303 
opposed to an immediately release in solution with the concentration of metal ion in 304 
solution remaining constant over time. This test, proposed by (Chatterjee 2021), was 305 
chosen as it was shown to successfully perform in describing dependencies for non-306 



monotonic trends as observed in this study for the majority of the elements 307 
investigated.  308 
For Cu, Fe, and Sn, a significant (p < 0.05) time-dependent leaching was found for six 309 
out of ten samples, while a time-dependent leaching was significant for five out of ten 310 
samples for Mn, five out of nine samples for Zn, and for all ten samples for Pb (Tables 311 
S9-15). While for Mn and Pb, all samples showed the same “more complex” dissolution 312 
behaviour, for Fe (not shown), Zn (not shown) and Sn (Figure 1e) some samples showed 313 
a first-order dissolution kinetics similar to what observed in fog (samples S16&18, S28, 314 
and S32 for Fe, sample S32 for Zn, and samples S16&18 and S28 for Sn). 315 
For most of the samples analysed, we observed a decreased solubility compared to the 316 
solubility previously reported for the same samples in a simulated fog water (Giorio et 317 
al. 2022), as shown also in Figure 2. This was attributed to the precipitation of most 318 
elements observed in SELF and not in simulated fog water (Figure 2). In the case of Pb, 319 
even if precipitation was observed in both solutions, Pb solubility was lower in SELF 320 
where precipitation occurred to a larger extent and was observed in more samples 321 
compared to a simulated fog water. 322 
Cu is by far the most soluble metal in SELF among those analysed in this study 323 
(36±26%) while Fe exhibits the lowest solubility (1.8±1.2%). Mn, Pb, and Zn presented 324 
the following solubilities in SELF: 7.6±4.0%, 16.7±10.7%, and 8.1±8.4%, respectively 325 
(Figure 2). Besides the metals discussed so far, Co was also analysed in this study, but 326 
its concentration was close to the detection limits and its dissolution trends were too 327 
noisy to draw any conclusion. 328 
 329 



 330 
Figure 1. Dissolution kinetics of particle-bound metals in a surrogate epithelial lining fluid (SELF) 331 
compared with their dissolution profile in fog where available: (a) Cu, (b) Fe, (c) Pb, (d) Zn, (e) Mn, 332 

and (f) Sn. 333 

Other studies calculated bioaccessible fractions (defined as soluble fraction in a 334 
surrogate biological fluid) of metals and metalloids. Huang et al. (2018) studied 335 
bioaccessible fractions of Cu, Zn, Pb and Mn in PM2.5 collected in Shangai (China) using 336 
a Gamble’s solution. They found bioaccessible fractions in the order of 17-38% for Cu, 337 
22-50% for Zn, 10-20% for Pb, and 48-70% for Mn. These values from Huang et al. (2018) 338 
are around the same values found in our study for Cu but higher than those found here 339 
for the other elements. Concerning Cu, urban aerosol samples collected in Singapore 340 
were found to have a bioaccessible fraction in the order of 37-40% in a Gamble’s 341 
solution but higher, in the order of 80%, in an artificial lysosomal fluid (ALF) with pH = 342 



4.5 (Huang et al. 2016). Coufalík et al. (2016) also found an increased solubility for Cu in 343 
ALF (around 75%) compared to a Gamble’s solution (around 23%), AAF (also around 344 
23%), and SAF (around 25%) for urban PM1 samples collected in Brno (Czech Republic). 345 
However, while for Mn, Zn, and Fe, the bioaccessible fraction did not increase 346 
dramatically from a Gamble’s solution to the ALF in the study by Huang et al. (2016) (Mn 347 
increased from 27% to 39-48%, Zn increased from 35-40% to 40-50%, Fe increased 348 
from 10-12% to 22-25%) it did increase substantially in the study by Coufalík et al. 349 
(2016) (Mn increased from 0 to 65% and Zn from 0 to 95%, Fe from 0 to 50%). More 350 
consistent results have been observed by the two studies for Pb for which the soluble 351 
fraction increased from 5-10% to 40-45% in Huang et al. (2016) and from about 1% to 352 
85% in Coufalík et al. (2016). Concerning SAF, the bioaccessible fraction showed 353 
somewhat intermediate values between the Gamble’s and ALF for Mn (25%) and Zn 354 
(15%), and in line with the Gamble’s solution for Fe (not detected). Concerning the ALF, 355 
Boim et al. (2021) found solubilities around 47-61% for Cu, 73-90% for Pb, 55-78% for 356 
Zn, and 63-84% for Mn in mining tailings, soil and sediments collected in three cities in 357 
Brazil. Concerning Pb, a solubility around 35% was found for PM10 samples collected in 358 
three locations in Australia in a Hatch’s solution (Kastury et al. 2018). Much lower 359 
solubilities have been found by Boisa et al. (2014), in the order of 1.26-11%, in SELF for 360 
smelter waste, topsoil samples, and mine tailings collected in Mitrovica (Kosovo). 361 
 362 

 363 
Figure 2. Solubility (calculated from dissolved concentrations at t = 240 min) of particle-bound metals 364 
in fog and in a surrogate epithelial lining fluid (SELF). Error bars show the standard deviation across 365 
different samples and therefore reflects environmental variability. 366 

 367 
Looking at the timescales of the processes (leaching in solution and precipitation) in 368 
terms of halftimes (Table 2), it is worth noticing that the leaching in solution is much 369 
faster in SELF compared to fog as expected given the higher temperature (37 vs. 5 °C) 370 
used in the former case. The leaching is between a factor of three times for Zn to a 371 
factor of more than ten times faster for Cu. The only element for which the leaching in 372 
the two conditions occurs with a comparable speed is Pb (Table 2). Concerning the 373 
precipitation, this process appears to be slower compared to the leaching in SELF 374 



between about four times slower for Fe and more than ten times slower for Zn and Pb. 375 
Concerning Pb, the precipitation was much faster in fog (13 ± 11 min) compared to SELF 376 
(42 ± 13 min). 377 
 378 
Table 2. Dissolution and precipitation timescales reported as t7―8.average.(standard.deviation) for N 379 

samples in SELF compared to the dissolution timescales in fog for the same samples. The dash 380 
means data not calculated as the kinetics was first-order. 381 

 Fog 
tg1/2 (min)* 

Fog 
td1/2 (min)* 

Fog 
N* 

SELF 
tg1/2 (min) 

SELF 
td1/2 (min) 

SELF 
N 

Cu 48 (39) - 13 3.4 (3.0) - 10 
Fe 52 (65) - 14 10 (12) 43 (20) 10 
Mn 24 (33) - 15 2.1 (2.2) 28 (18) 10 
Pb 7 (12)** 13 (11)** 10** 6.2 (3.9) 42 (13) 10 
Sn***    5.4 (5.5) 28 (26) 10 
Zn 9.2 (8.3) - 14 3.3 (3.6) 35 (14) 9 
*(Giorio et al. 2022), **this study, ***kinetics not measured in fog. 

 382 
To the author’s knowledge, the only study which provides rate constants for dissolution 383 
kinetics in surrogate lung fluids is that from Huang et al. (2016) for urban PM collected 384 
in Singapore during haze and non-haze periods. Considering only the samples for which 385 
a statistically significant time-dependent leaching was found in our study (p < 0.05), rate 386 
constants for the dissolution kinetics (as k for the first-order leaching and kg, 387 
corresponding to the dissolution phase, for the more complex leaching behaviour) were 388 
in the ranges 0.08-0.40 min-1 for Cu (Table S9), 0.052-0.54 min-1 for Fe (Table S10), 0.15-389 
1.51 min-1 for Mn (Table S11), 0.046-0.34 min-1 for Pb (Table S12) and between 0.12 min-1 390 
to “very fast” for Zn (Table S15). These values are within the same range to those found 391 
by Huang et al. (2016) in a Gamble solution for Cu (0.175-0.25 min-1), Fe (0.15-0.25 min-392 
1), and Mn (0.55-0.7 min-1) but lower for Pb (0.85-1 min-1) and much higher for Zn (0.3-393 
0.35 min-1). In ALF, rate constants were generally slightly lower compared to those found 394 
for the Gamble’s solution (Huang et al. 2016). 395 
 396 

3.2 Metal ion speciation in SELF 397 

To further investigate and explain the observed kinetics profiles and differential 398 
solubilities in SELF and fog, a speciation study was run on three samples (i.e., S24, S26, 399 
and S28). The speciation in SELF (Figure 3) revealed that Cu2+ is coordinated with glycine 400 
(one of the components of the SELF), predominantly in the form Cu-(Glycine)2(aq) > 401 
99.6% with a minor contribution from Cu-Glycine+ (about 0.4%). Concerning Fe3+, the 402 
thermodynamically stable form of Fe in our experimental conditions, it is predicted to 403 
precipitate as oxide thus explaining the kinetics profile in which Fe is firstly dissolved by 404 
the SELF and then it precipitates over time. Contrastingly, in fog Fe3+ was calculated to 405 
form complexes with oxalate, therefore remaining in solution (Giorio et al. 2022). Fe2+ 406 
would remain in solution in both fog and SELF, in the latter predominantly as free ion but 407 



also coordinated with glycine. Fe2+ is however not thermodynamically stable in aerated 408 
solutions and may convert to Fe3+ during the experiments. Concerning Mn2+, speciation 409 
in SELF shows that it precipitates as MnHPO4(s) with phosphate coming from SELF, thus 410 
explaining the precipitation observed in the kinetics experiments. Phosphate is present 411 
in the SELF to buffer the solution at pH 7.4, however in the physiological epithelial lung 412 
fluid pH is thought to be regulated by the release of H+ and HCO3

- by bronchial epithelial 413 
cells (Innes et al. 2021). Phosphorous in lung extracellular fluid is thought to be 414 
predominantly present in phospholipids rather than as free inorganic phosphate (Innes 415 
et al. 2021; Uehara et al. 2023). The concentration of phosphate in SELF is within the 416 
same order of magnitude of the concentration of free inorganic phosphate found in the 417 
actual lung fluid (Davies and Feddah 2003; Diem and Lentner 1970), in extracellular 418 
fluids and somewhat lower than that found in intracellular fluids (Goyal and Jialal 2023; 419 
Hawk 2017; Innes et al. 2021; Peacock 2021; Qadeer and Bashir 2023; Wagner 2024). 420 
Pb2+ speciation shows precipitation as Pb5(PO4)3Cl due to elevated concentrations of 421 
phosphate and chloride in the SELF, while in fog it was predicted to precipitate as PbSO4 422 
with sulphate being released by the PM particles (Giorio et al. 2022). 423 
Unexpected results have been obtained for Zn2+, for which the speciation study would 424 
predict it to be predominantly coordinated with glycine (44% as Zn-Glycine+ and 30% as 425 
Zn-(Glycine)2(aq)) and to a minor extent (about 12%) in a free form in solution. However, 426 
the kinetics experiments showed that Zn2+, like most of the other metals investigated in 427 
this study, precipitates over time. We cannot explain the results for Zn2+ on the basis of 428 
its computed speciation. 429 
Sn2+ is also predicted to be present as soluble hydroxide (i.e., 98.9% as Sn(OH)2(aq), 430 
0.03% as Sn(OH)+, and 1.07% as Sn(OH)3

-) however some precipitation was observed 431 
over time.  432 

 433 
Figure 3. Speciation of metal ions in the surrogate epithelial lining fluid (SELF) for sample 26. 434 

 435 



An infographic summarising all processes involved in the dissolution of particle-bound 436 
metals in SELF is presented in Figure 4. 437 
 438 

 439 
Figure 4. Infographic summarising the processes involved in the dissolution of particle-bound 440 
metals in SELF. 441 

 442 

3.3 Influence of fog events on the solubilities and dissolution kinetics of particle-443 
bound elements 444 

During the sampling campaigns three fog events were observed (during sampling of the 445 
S12&14, S24, and S32 samples). It was previously observed that fog events can induce 446 
aqueous phase processing in the PM, making its bound elements more soluble and 447 
their dissolution kinetics faster. This phenomenon was observed for metals that in fog 448 
would coordinate with oxalate, such as Cu, Al, and Fe (Giorio et al. 2022; Tapparo et al. 449 
2020). It was also observed that formation of complexes with oxalate can affect not only 450 
the solubility of metals, but also the oxidative potential of aerosol samples (Shahpoury 451 
et al. 2024). 452 
Figure 5 shows the comparison between the solubility and dissolution kinetics of the 453 
elements in samples collected on days with observed fog events and on days in which 454 
no fog events were observed.  455 
It must at first be noticed that no statistical differences were observed, due likely to the 456 
high variability of the experimental data. Nevertheless, some differences can be 457 
highlighted. 458 
In SELF (Figure 5a), the solubility of Cu appears to be higher in days without fog events 459 
while Pb and Zn show a small increase in solubility in days with observed fog events. Fe 460 
and Mn solubilities appear to be unaffected. 461 
In terms of dissolution kinetics (Figure 5b), Cu dissolution seems to be slightly slower in 462 
days with observed fog events. The same trend is observed also for Fe, Mn, and Sn, 463 
while Pb and Zn appear to solubilise faster in samples collected during days with 464 
observed fog events. Concerning the precipitation phase of the kinetics profile (Figure 465 



5c), this appears to be slower for Fe, Pb, and Sn in samples collected on days with 466 
observed fog events while the precipitation is faster for Mn and Zn. 467 
 468 

 469 
Figure 5. Comparison of the solubility of the elements in SELF (a), their leaching halftime (b), and 470 
precipitation halftime (c) in days with observed fog events (samples S12&14, S24 and S32) and in days 471 
without fog events.  472 

 473 

4 Conclusions 474 

In this study we investigated the solubility and dissolution kinetics of PM-bound Cu, Fe, 475 
Mn, Pb, Sn, and Zn in SELF. We found that most of the elements investigated present a 476 
complex dissolution kinetics profile that can be divided into three stages characterised 477 
by 1) an immediate release in solution, 2) a release in solution that follows a first-order 478 
kinetics, and 3) a precipitation from the solution also following a first-order kinetics. 479 



These results can have important consequences in oxidative potential studies that are 480 
based on depletion kinetics of antioxidants (e.g., Shahpoury et al. (2019)), as the 481 
dissolution kinetics of metals will inevitably influence the depletion kinetics of the 482 
antioxidants. 483 
We found that the dissolution phase (2) is much faster in SELF compared to a fog water 484 
environment, as expected, given the higher temperature (physiological temperature) 485 
used for the kinetics in SELF compared to the kinetics in fog (T = 5 ºC). Concerning the 486 
precipitation phase (3), this process appears to be slower compared to the leaching (2) 487 
in SELF between about four times slower for Fe and more than ten times slower for Zn 488 
and Pb. Solubility in SELF was also different if compared to a fog water, with Cu being 489 
the only element to show a markedly higher solubility in SELF. 490 
When investigating the drivers of elements solubility and dissolution kinetics, our data 491 
demonstrate that fluid composition, rather than sample composition and its 492 
atmospheric aqueous phase processing, plays the main role. In SELF, glycine can 493 
coordinate with Cu2+ enhancing its solubility in SELF compared to fog, phosphate can 494 
form precipitates with Mn2+ and Pb2+ decreasing their solubility in SELF, while a higher 495 
pH in SELF (7.4) compared to fog (4.7) can promote precipitation of Fe3+ as hydroxide. 496 
 497 
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