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Environmental Significance Statement

Precipitation of aqueous transition metals in particulate matter during the dithiothreitol 
(DTT) oxidative potential assay

Jayashree Yalamanchili, Christopher J. Hennigan*, Brian E. Reed*

The dithiothreitol (DTT) oxidative potential assay is widely used as a measure of particulate 
matter toxicity.  The DTT assay, along with many other chemical measures of oxidative 
potential, uses a phosphate buffer matrix to maintain the biologically-relevant pH 7.4.  In this 
study, we show that aqueous transition metals present at low concentrations (below 1 μM) 
undergo rapid precipitation in the DTT assay.  Metal precipitation and removal increase with the 
initial aqueous metal concentration.  We observed this phenomenon in experiments with single 
metals derived from metal salts and in aqueous extracts of urban particulate matter, which 
contains dozens of metals.  This phenomenon has the strong potential to impart bias in the DTT 
assay, with implications for our understanding of PM toxicity.
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9

10 ABSTRACT: Transition metals in particulate matter (PM) are hypothesized to have enhanced 

11 toxicity based on their oxidative potential (OP). The acellular dithiothreitol (DTT) assay is 
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12 widely used to measure the OP of PM and its chemical components. In our prior study, we 

13 showed that the DTT assay (pH 7.4, 0.1M phosphate buffer, 37 °C) provides favorable 

14 thermodynamic conditions for precipitation of multiple metals present in PM. This study utilizes 

15 multiple techniques to characterize the precipitation of aqueous metals present at low 

16 concentrations in the DTT assay. Metal precipitation was identified using laser particle light 

17 scattering analysis, direct chemical measurement of aqueous metal removal, and microscopic 

18 imaging. Experiments were run with aqueous metals from individual metal salts and a well-

19 characterized urban PM standard (NIST SRM-1648a, Urban Particulate Matter). Our results 

20 demonstrated rapid precipitation of metals in the DTT assay. Metal precipitation was 

21 independent of DTT but dependent on metal concentration. Metal removal in the chemically 

22 complex urban PM samples exceeded the thermodynamic predictions and removal seen in single 

23 metal salt experiments, suggesting co-precipitation and/or adsorption may have occurred. These 

24 results have broad implications for other acellular assays that study PM metals using phosphate 

25 buffer, and subsequently, the PM toxicity inferred from these OP assays.

26 Introduction
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3

27 Particulate matter (PM) exposure causes acute and chronic effects on human health, including 

28 premature mortality.1, 2 Many of the detrimental outcomes associated with PM exposure may 

29 result from oxidative stress, whereby reactive oxygen species (ROS) are catalytically formed due 

30 to reactions with components present in PM.3-9 Evidence suggests that transition metals are 

31 among the most toxic constituents of atmospheric particles10, 11 even though they typically 

32 constitute a tiny fraction of PM mass.12 Metals are redox-active and can catalyze ROS 

33 formation13-15, providing a plausible explanation for their enhanced toxicity.13, 16 

34 At present, there is not a gold-standard method for the measurement of oxidative stress or ROS 

35 generation in air pollution exposure assessment.11, 17, 18 Experimental methods to measure PM 

36 toxicity can be broadly classified into three categories: 1) direct measurements of human 

37 physiology and biomarkers; 2) animal model studies, and 3) in vitro assays (which include both 

38 cellular and acellular techniques). Due to the immense savings of time and cost over biological 

39 methods19, 20, acellular in vitro assays have seen widespread adoption in atmospheric studies 

40 globally.21-30 The dithiothreitol (DTT) assay is widely used,13, 24, 27, 31-34 due to its linear 

41 relationship demonstrated with the cellular heme oxygenase-1 assay.35 To increase its biological 

42 relevance, the DTT assay is conducted at 37 °C and pH 7.4, the latter maintained using a 
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43 phosphate buffer. However, prior work from our group found that precipitation of multiple 

44 metals (Fe(II), Fe(III), Mn, and Cu) occurred under the DTT assay conditions.36 Further, the 

45 complexation of metal cations with phosphate can affect metal-ion-dependent reactions37, 

46 including ROS generation. The complexation of transition metals with a phosphate buffer has 

47 been identified as an important phenomenon influencing DTT depletion during the assay.38  

48 Metal precipitation in a phosphate buffer matrix is unsurprising. For example, Fe(III) addition 

49 is a well-known strategy for removing phosphate (PO4) during wastewater treatment.39-41 In our 

50 prior study, the thermodynamic predictions were validated at high aqueous metal concentrations 

51 with experiments during which visible precipitates formed.36 However, metal precipitation has 

52 not been demonstrated at lower metal concentrations (< 50 μM) representative of PM samples 

53 (i.e., aqueous filter extracts). The reactivity of metals and PM, including the generation of ROS, 

54 vary due to their phase (aqueous vs. solid) and oxidation state.11,42-45 Based on the solubility of 

55 metals in the PM extraction solvent, there could be a significant effect on oxidative potential 

56 (OP) measurements that utilize phosphate-based assays.46-48 Both soluble and insoluble fractions 

57 of metals in PM can be correlated to ROS activity, though they induce different responses in 

58 OP.42,43 Because the acellular assays are used as a proxy for PM toxicity35, it is necessary to 
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59 understand the phenomena occurring from the interaction of metals with the phosphate buffer. 

60 The objective of this study is to characterize the precipitation of aqueous metals in the DTT 

61 assay. We use urban PM samples containing dozens of metals present in aqueous extracts at low 

62 concentrations (0.1 – 20 μM). Precipitation when aqueous metals from PM extracts and metal-

63 salts are added to the DTT assay is detected using a combination of approaches. Our analysis is 

64 focused on Fe (Fe(II) and Fe(III)) because of its high concentration in PM49, 50, and Cu(II) and 

65 Mn(II) due to their high reactivity in the DTT assay.13, 51, 52 Precipitate formation and metal 

66 removal in the chemically complex PM extracts are compared to experiments conducted with 

67 metal salts to elucidate interactions and effects of multiple species in the DTT assay matrix.  

68 Methods

69 Chemicals

70 The following chemicals were used: ferric chloride hexahydrate (99.9%, Fisher Scientific), 

71 copper(II) sulfate (Reagent grade, Alfa Aesar), manganese(II) chloride tetrahydrate (99%, 

72 ACROS organics), iron(II) chloride tetrahydrate (99%, ACROS organics), potassium phosphate 

73 dibasic (98%, Fisher BioReagents), potassium phosphate monobasic (99%, Fisher BioReagents), 

74 1,4-dithiothreitol (DTT, 99%, ACROS organics), and nitric acid (Reagent grade, Alfa Aesar).  
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75 All metal stock solutions were prepared in 2% nitric acid, with aqueous metal concentrations 

76 measured using ICP-MS (PerkinElmer, NexION 300D). The concentration of the Fe(II) stock 

77 solution was regularly measured by colorimetry to ensure there was no oxidation of Fe(II). The 

78 DTT solution was prepared fresh in a 0.1 M phosphate buffer on the day of each experiment. 

79 NIST urban PM- SRM-1648a extract

80 National Institute of Standards and Technology SRM-1648a (Urban Particulate Matter) is a 

81 well-characterized reference material collected from the urban atmosphere of St. Louis, MO.53 

82 SRM-1648a has been widely used because of its certified composition and the connection it 

83 enables across various studies that are not possible with variable PM composition.54-62 SRM-

84 1648a contains dozens of metals whose concentrations are given in Table S1. An aqueous stock 

85 solution of the urban PM extract was prepared by adding 200 mg of SRM-1648a to 200 mL of 

86 0.1 N HNO3, stirred at 200 rpm for 24 hours, and vacuum filtered (Tissue Quartz 2500qat-up 

87 filter).63-66  Aqueous metal concentrations in the SRM-1648a PM extract are given in Table 1. 

88 The extract was stored in a high-density polyethylene (HDPE) vial for the SRM-1648a extract 

89 experiments. Metal concentrations in the extract were measured using ICP-MS, while Fe, Mn, 

90 and Cu were also measured using colorimetric analysis (see discussion below). There was 
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91 excellent agreement in the Fe, Mn, and Cu measurements using both methods (Table S2 and S3). 

92 ICP-MS analysis of metals suffers from matrix effects when high salt concentrations are present, 

93 as is the case in the DTT assay (0.1 M PO4 made from KH2PO4 and K2HPO4, ionic strength = 

94 0.29 M)67, 68 (Figure S1, Table S3). Therefore, removal of Fe, Mn, and Cu was measured using 

95 colorimetric analysis in most experiments. 

96 Precipitation in DTT Assays

97 Following the DTT assay procedure of Cho et al. 69, the aqueous sample (either SRM-1648a 

98 extract or metal salt solution) was incubated with 100 µM DTT in a 0.1 M phosphate buffer at a 

99 pH of 7.4 and a temperature of 37 ± 3 ˚C for 30 minutes. For metal salt experiments, metals were 

100 added from their salt solution individually or as a combination of Fe, Mn, and Cu. The particle 

101 number concentration was continuously measured using laser particle light scattering 

102 (Mastersizer 3000, Malvern Panalytical).70-76 Monodispersed polystyrene latex (PSL) 

103 microspheres (0.5 µm) with 2.5 weight% dispersion in water were used to calibrate the 

104 instrument, laser obscuration (the parameter measured by the instrument) and particle number 

105 concentration (r2 of 0.99, Figure S2). The baseline was measured in each experiment for 10 

106 minutes prior to sample addition to the DTT assay. Immediately at the end of the assay, an 
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107 aliquot from the incubation step was filtered (0.45 µm PTFE syringe filter, Restek Corporation), 

108 and the aqueous metal concentrations were measured using colorimetric analysis due to the 

109 interferences present in the ICP-MS measurements as described above. Therefore, total Fe, Fe(II) 

110 (Fe(III) was calculated by the difference), Cu(II), and Mn(II) were measured using colorimetric 

111 methods (HACH DR/890)77-80. The accuracy of the colorimetric analyses was verified via ICP-

112 MS in DI water and the phosphate buffer matrix (Figure S1, Table S3). The method detection 

113 limit for Fe, Mn, and Cu is 0.5 µM in DI water; 0.5, 1.0, and 1.4 µM, respectively, in 0.1 M 

114 phosphate buffer matrix. Metal removal was calculated based on the initial aqueous metal 

115 concentration and the final measured concentration in the filtered extract by colorimetric 

116 analysis. Note that the calculations of metal removal are based on the colorimetric measurements 

117 while Table 1 has the metal concentrations in the PM extract measured by ICP-MS, and hence 

118 there is a minor difference in the values (Table S2). After 30 minutes of the DTT assay, solutions 

119 were filtered (Tissuequartz 2500 qat-up filter) and collected for particle imaging. The filtered 

120 solids were vacuum dried and twice washed with 50% ethanol/H2O to remove residual buffer. 

121 Any precipitates formed during the DTT assay were characterized using transmission electron 

122 microscopy (TEM) and scanning electron microscopy (SEM) imaging coupled with energy 

123 dispersive spectroscopy (EDS). TEM was used to determine particle size, while SEM-EDS 
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124 determined the morphology, and the various elements present in the filtered precipitates. TEM 

125 analyses were carried out using an FEI Morgagni 268 100 kV TEM equipped with a Gatan Orius 

126 CCD camera. SEM analyses utilized an FEI Nova NanoSEM 450 SEM with Energy-dispersive 

127 X-ray spectroscopy. The TEM samples (10 µl) were pipetted onto the grid, dried in the 

128 atmosphere by wicking the solution off the carbon-coated and formvar-coated copper sample 

129 grid, while the SEM samples were dried on a carbon tape substrate, also in ambient air. All the 

130 above procedures and analyses were run with and without DTT present to characterize any 

131 effects on metal precipitate formation for SRM-1648a extract samples at low concentrations. All 

132 experiments were run in triplicate unless otherwise noted. 

133 Results and Discussion

134 Metal precipitation of NIST urban PM (SRM-1648a) in the DTT assay

135 For the precipitation experiments, SRM-1648a extract was added to the DTT assay at three 

136 concentration levels (Table 1), which were selected according to the range of Fe concentrations 

137 measured in ten urban areas across the US using accepted PM filter sampling and extraction 

138 protocols36, 49, 50. The concentrations of the remaining elements were calculated based on the 

139 dilution factor (DF) and the elements’ concentration in the SRM-1648a extract. Note that the Cu 

140 concentration for samples 1, 2, and 3 and Mn concentration for samples 1 and 2 were below the 

141 DL for the colorimetric analysis. To maintain the relevance of Mn and Cu concentrations to that 

142 in PM filter extracts (0.058 µM Mn and 0.06 µM Cu) 36, 49, 50, increasing the SRM-1648a sample 
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143 concentrations above DL for Mn and Cu was not preferred. Also presented in Table 1 are metal 

144 solubilities and saturation indexes (SI) determined by MINEQL36, 81 under the DTT assay 

145 conditions (0.1 M TOTPO4, T = 37°C, pH =7.4 and ionic strength = 0.22 M). The modeling 

146 approach used is based on our previous work36  (thermodynamic data are presented in Table S7, 

147 and detailed results from thermodynamic modeling are presented in Tables S8 and S9). In Table 

148 1, metals with an asterisk (Al, Ca, Fe, Mn, and Pb) indicate species that can theoretically 

149 precipitate (i.e., those with a positive saturation index (SI)).    

150 We recognize that it is unlikely that equilibrium was reached given the short reaction time (< 1 

151 hr) and the use of equilibrium modeling serves only as a framework for understanding what may 

152 be occurring in PO4-based assays. In addition, we acknowledge the uncertainty that arises with 

153 equilibrium modeling due to: (1) the inherent difference in reported equilibrium constants, (2) 

154 assuming equilibrium conditions for systems that may not be at equilibrium, and (3) applying 

155 constants determined under specific experimental conditions (metal concentration, temperature 

156 and ionic strength) to systems having different conditions. To access the uncertainty in values of 

157 Ks0, we conducted a sensitivity analysis on Ks0 (logKs0 ± 2) on the saturation index for the 

158 precipitates that we believe formed (Figure S3). For all values of Ks0 the SI for Ca, Fe(III), Mn, 

159 and Pb was always positive while for Al the SI was only negative at logKs0
 -2, indicating that 

160 precipitation was thermodynamically possible over a wide range of Ks0's.

161 Table 1. The experimental concentrations, solubilities, and saturation indices for the major 

162 elements in the SRM-1648a extract (average ± SD, n=3 replicates). Metals with an asterisk 
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163 indicate that precipitate formation is thermodynamically possible under DTT assay conditions 

164 (0.1 M TOTPO4, T = 37°C, pH =7.4 and ionic strength = 0.22 M). Three dilutions of the SRM-

165 1648a extract were used in particle number and direct measurement experiments.

Metal SRM-

1648a 

acid 

extract, 

µM

Concentrations, µM

(Saturation Index1)

Metal 

solubility2, 

µM 

Precipitate form

Sample 1

DF = 50.5

Sample 2

DF = 16.1

Sample 3

DF =5.6

Al* 114.0 

± 3.8

2.3

(0.7)

7.1

(1.2)

20.3

(1.6)

 4.7x10-1 γ-Al(OH)3

Ca* 490.0 

± 9.7

9.8

(0.9)

30.6

(3.3)

87.3

(5.6)

 6.6 Ca10(PO4)6(OH)2

Co 1.3 ± 

0.02

0.03

(-5.5)

0.1

(-4.0)

0.2

(-3.1)

 2.1 Co3(PO4)2

Cr 2.5 ± 

0.05

0.1

(-0.9)

0.2

(-0.6)

0.5

(-0.2)

 2.7 x10-3 Cr(OH)3

Cu 4.5 ± 

0.1

0.1

(-5.0)

0.3

(-3.5)

0.8

(-2.2)

 4.5 Cu3(PO4)2

Fe 

(total)

106.0 

± 7.9

2.1 6.6 18.9

Fe(III)* 102.0 

± 7.6

2.0

(3.6)

6.4

(4.1)

18.1

(4.6)

 5.1 x10-4 FePO4.2H2O

Fe(II) 4.0± 

0.3

0.1

(-4.4)

0.3

(-2.9)

0.7

(-1.8) 

2.9 Fe3(PO4)2

Mg 159.0 

± 8.6

3.2

(-2.6)

10.0

(-2.1)

28.4

(-1.6)

 1.2 x103 MgHPO4:3H2O
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Mn* 6.7 ± 

0.2

0.1

(2.6) 

0.4

(3.2)

1.2

(3.37)

 2.6 x10-4 MnHPO4

Ni 1.7 ± 

0.03

0.03

(-8.7)

0.1

(-7.2)

0.3

(-5.7)

 24.2 Ni3(PO4)2

Pb* 22.3 ± 

0.7

0.4

(9.2)

1.4

(10.8)

4.0

(12.2)

 3.5 x10-4 Pb3(PO4)2

V 1.9 ± 

0.1

0.04

(-11.9)

0.1

(-11.5)

0.3

(-11.0)

 3.2x1010 V(OH)3

Zn 37.1 ± 

2.0

0.7

(-1.5)

2.3

(0.1)

6.6

(1.5)

 2.2 Zn3(PO4)2

166 1Saturation index (SI) = log(ion activity product/solubility product). A positive value of SI 

167 indicates that precipitation is thermodynamically possible. 2Summation of all aqueous metal 

168 species.

(a) (b) 

Figure 1. (a) Evolution of the particle number concentration when aqueous samples were 

added to the DTT assay. Sample addition occurred after 10 minutes of baseline 

measurements (vertical dotted line). Table 1 gives the composition and metal concentrations 
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13

for SRM-1648a samples (samples 1, 2, and 3). The metal-salts sample contained a mixture 

with 50 µM Fe(III), 5 µM Fe(II), 5 µM Mn(II), and 5 µM Cu(II). (b) Average Fe and Mn 

removal at time = 30 minutes in the DTT assay. The asterisks in (b) represent initial Mn 

concentrations below the DL so that metal removal could not be measured.  

169 The particle number concentration was measured continuously for the three SRM-1648a 

170 samples during incubation (30 minutes, 1800 rpm) in the DTT assay (Figure 1a). After 30 

171 minutes, samples were taken, filtered (0.45 µm), and analyzed for aqueous Fe and Mn 

172 concentrations (Figure 1b). Note that the initial Mn concentration in samples 1 and 2 was less 

173 than the colorimetric analysis DL (1 µM). The particle number concentration-response for 

174 samples 2 and 3 clearly indicates the rapid formation of precipitates, while the response for 

175 sample 1 was slightly above the 0-10 minutes baseline period (i.e., before the SRM-1648a 

176 extract was added). The precipitate formation was confirmed based on aqueous metal content at 

177 the end of the incubation period (Figure 1b). Total Fe removal via precipitation for samples 1, 2, 

178 and 3 was 33 ± 6%, 49 ± 7%, and 58 ± 6%, respectively. The extent of Fe removal was 

179 independent of the mixing speed during the incubation (Figure S4). There was significant Fe 

180 precipitation for sample 1, which had a particle number concentration only slightly above the 
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181 baseline. Although the particle number concentration was low for sample 1, precipitation in this 

182 sample was further confirmed through SEM imaging (detailed discussion below). The initial 

183 Fe(II) concentrations in samples 1 and 2 were below the colorimetric analysis DL (0.5 µM). The 

184 initial Fe(II) concentration of sample 3 was 0.8 µM, and after 30 minutes of incubation, the 

185 Fe(II) concentration was below the DL (0.5 µM), indicating that Fe(II) precipitated as 

186 Fe3(PO4)2(s) or was oxidized to Fe(III) with subsequent precipitation as Fe(PO4)(s). Fe(II) 

187 oxidization to Fe(III) was also observed in our prior work36.

188 The initial Mn concentrations in samples 1 and 2 were below the colorimetric analysis DL (1.0 

189 µM), while for sample 3, it was 1.4 µM (note that the ICP initial Mn was 1.2 µM, Table S2). 

190 After the incubation period, the total aqueous Mn was below the 1.0 µM DL resulting in an Mn 

191 removal of at least 29% for sample 3. Mn can exist as Mn(II), Mn(III), and Mn(IV)38, and these 

192 forms of Mn can precipitate as MnHPO4, MnO(OH), and MnO2 (Table S7) and undergo 

193 oxidation reactions (Mn(II)Mn(III); Mn(III)Mn(IV)).  The Mn colorimetric analysis 

194 measures the total Mn. Thus, the Mn from the SRM-1648a particulate matter was either directly 

195 precipitated or oxidized with subsequent precipitation. In our earlier work where we used an 

196 Mn(II) salt (Mn(Cl)2) as the source of Mn, we observed that Mn(II) was oxidized to Mn(IV) 

197 followed by Mn(IV) precipitation as MnO2 
36.

198 Precipitation experiments were also conducted using salts (Fe(III)Cl3, Fe(II)Cl2, Mn(II)Cl2, 

199 Cu(II)SO4) as the source of metals added to the DTT assay. The sample containing mixed metal-
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200 salts (50 µM Fe(III), 5 Fe(II), 5 µM Mn(II), and 5 µM Cu(II)) precipitated immediately upon 

201 addition to the DTT assay and showed a particle number concentration at the end of the 

202 incubation period that was similar to SRM-1648a sample 3. For sample 3, the initial Fe, Mn, and 

203 Cu concentrations were much lower than those used in the metal salt experiments. The similar 

204 particle formation suggests that precipitation of other metals present in the SRM-1648a extract 

205 occurred (e.g., Al, Ca, Pb can form Al(OH)3, Ca10(PO4)6(OH)2, Pb3(PO4)2, respectively, details 

206 in SI). The faster formation of particles in the mixed metal-salt sample could be due to the ease 

207 of Fe(III) precipitation. In our earlier work, we observed that the rate of precipitation increased 

208 with the initial Fe concentration36. At the end of the metal-salts incubation period Fe(III), Fe(II), 

209 and Mn(II) concentrations were 17.8 ± 1.8 µM, 0.2 ± 0.2 µM, and 0.6 ± 0.1 µM, respectively. 

210 Total Fe removal in the mixed metal-salts sample was 68 ± 3%, similar to 58 ± 6% observed for 

211 the SRM-1648a sample 3. Fe(II) was either oxidized to Fe(III) or was directly precipitated as 

212 Fe3(PO4)2(s). For Mn, the aqueous concentrations at the end of the incubation period were less 

213 than the DL (1 µM Mn), resulting in removal of at least 80.0 % for metal-salt experiments 

214 compared to 29% for SRM-1648a sample 3. We note that both are lower bounds as the Mn 

215 removal may have been higher in each sample. 

216 Based on the above results, it is clear that metal precipitation (and possibly oxidation) occurs 

217 rapidly during acellular assays that use a matrix with phosphate buffer. The extent of 

218 precipitation appears to depend on the initial concentration of metals present. We hypothesize 

219 that increasing the concentration of metals initially present (especially the easily precipitated 

220 Fe(III)) increases nucleation as well as the potential for co-precipitation and adsorption. 

221 Effect of DTT on metal precipitation 
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222 To characterize the effects of DTT on metal precipitation, particle number concentrations 

223 (Figure 2a) and aqueous metal concentrations (Figure 2b) were measured with and without DTT 

224 addition. There was no statistically significant difference in the presence and absence of DTT 

225 (p> 0.05 for samples 1,2 and 3). 

226

(a) (b)

Figure 2. (a) Average evolution of the particle number concentration of SRM-1648a extract 

samples in the presence and absence of DTT, observed after its addition to a 0.1M phosphate 

buffer at pH 7.4 and 37 ± 3 °C at a time of t= 10 minutes. (b) Average Fe removal in filtered 

samples for SRM-1648a extract in the presence and absence of DTT at pH 7.4 and 37 ± 3 °C.  
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227 Fe removal (Figure 2b) measured at the end of the incubation period showed no statistically 

228 significant difference for samples 1, 2, and 3 (p> 0.05). Although chemical analysis could not 

229 confirm the effect of DTT on Mn and Cu removal, the particle number concentrations and Fe 

230 removal results strongly suggest that precipitation is not significantly affected by the presence of 

231 DTT. Thus, MINEQL modeling results can inform the extent of metal precipitation at low metal 

232 concentrations (Table S5), and Cu removal can be examined in the absence of DTT. These 

233 observations agree with our previous work in which we also found no effect of DTT on metal 

234 precipitation at higher metal concentrations36.   

235 Metal precipitate identification 

236 TEM and SEM were used to confirm the presence of solids, obtain morphological details and 

237 identify elements present in the precipitates (Figures 3, S5, and S6).

(a) (b) 
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(c) (d)  

Figure 3. Scanning electron microscopy images of SRM-1648a extract sample 1 filtered after 

30 minutes in the DTT assay matrix with 0.1M phosphate buffer with a pH of 7.4 and a 

temperature of 37 ± 3 °C. Figure 3(a) shows a solid cluster. The elemental map of the solid 

cluster indicates the main elements of interest:(b) Fe, (c) P in SRM-1684a sample 1. Figure 

3(d) shows the elemental map of the Si present in the filter substrate.

238 Samples for microscopic analysis were prepared by filtering the DTT assay solution after the 

239 30 minutes incubation and washing (twice) the filtered residue with 50% ethanol to remove 

240 phosphate. TEM results confirm the presence of the solid particles in the 0.2 µm range (Figure 

241 S5) in the absence and presence of DTT. 

242 SEM images confirm the presence of the solids containing Fe in the visible clusters (Figure 

243 3b). Precipitation in SRM-1648a sample 1 (the lowest concentration) is confirmed by SEM-EDS 
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244 despite low particle number concentrations measured for this sample (Figure 1a). Similar results 

245 were observed in the absence of DTT and for SRM-1648a samples 2 and 3 (Figure S6). It is 

246 important to note that the cluster size shown in Figure 3a was likely affected by the air-drying 

247 process required for SEM analysis and may not represent the size of the precipitates formed 

248 during the DTT assay. The P identified in Figure 3c is associated with metal precipitates, 

249 assuming that the ethanol wash performed in duplicate effectively removed aqueous PO4 prior to 

250 the drying step. The Si detected by SEM (Figure 3d) is from the quartz filter. SEM images for 

251 samples 2 and 3 are in Figure S6 and similarly show precipitates as a cluster in the presence and 

252 absence of DTT.

253 In addition to Fe and P, the SEM-EDS identified a number of additional metals in the filtered 

254 precipitates, including Cu, Pb, Ca, Al, Mg, V, Ti, and Zn.  All of the detected species are present 

255 in the SRM-1648a extract. It is interesting to note that Cu, V, and Zn precipitation was not 

256 predicted thermodynamically because these metals' concentrations in the SRM-1648a samples 

257 are below their solubilities (Table 1). Their detection in the precipitated particles indicates that 

258 co-precipitation or possible adsorption by other precipitates may have occurred. Based on the 

259 variability in PM composition and concentration, it is likely that both precipitation and the extent 

260 of aqueous metal removal will exhibit variability for different samples. This suggests that 

261 predictions of this phenomenon cannot occur without a priori knowledge of sample 

262 characteristics. However, our observations of precipitation and metal removal in the simplest 
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263 sample compositions (single metal salts) performed at low concentrations suggest that this 

264 phenomenon is pervasive during the DTT assay, potentially leading to an artifact in the oxidative 

265 potential measurements. 

266 Fate of Fe(II), Fe(III), Cu(II), and Mn(II) in the DTT assay 

267 Amongst the many metals present in ambient PM, the precipitation/oxidation of Fe(II), Fe(III), 

268 Mn(II), and Cu(II) in the DTT assay were investigated individually because of their elevated 

269 concentrations (Fe) or high reactivity in the DTT assay (Cu and Mn)13, 51, 52, 82-84. Metal 

270 concentrations between 5 µM - 100 µM were examined. In our previous work, at higher Cu 

271 concentrations, DTT had no effect on Cu precipitation36. Therefore, the measurements of Cu 

272 removal occurred without DTT addition because DTT interferes with the colorimetric analysis.

(a) (b) 

Figure 4. (a) Metal removal measured for each of the individual metal-salts experiments and 

(b) the fate of Fe(II) at time = 30 minutes in the DTT assay (0.1M phosphate buffer, pH 7.4 

and 37 °C) as a function of the initial Fe(II) concentration.  
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273 Fe(III) precipitation (Figure 4a) generally increased with increasing initial Fe concentration. 

274 For Fe(II), there was significant oxidation to Fe(III) (Figure  4b) at the end of the incubation 

275 period; Fe(III) was present for all experiments, and the aqueous Fe(II) ranged from only 0.3 to 

276 0.7% of the total Fe(II) initially added. Fe(II) and the formed Fe(III) precipitated as 

277 Fe(II)3(PO4)2(s) or Fe(III)PO4(s). Fe(II) and Fe(III) particle number concentration results 

278 (Figures  S7a and S7b) were consistent with the data in Figures 4a and 4b. The results from 

279 Fe(III) metal-salts and SRM-1648a experiments for similar initial Fe(III) concentrations were 

280 consistent: Fe removal for 25 µM  Fe(III) and SRM-1648a sample 3 (20.7 µM Fe) were 40 ± 

281 13% and 58 ± 6%, respectively. Similarly, Fe removal for 5 µM Fe(III) and SRM-1648a  sample 

282 2 (7.3 µM  Fe) were  37 ± 6%  and  49 ± 7%, respectively.  The slightly higher removal for the 

283 SRM-1648a samples could be due to the formation of other precipitates (e.g., Al(OH)3(s)), which 

284 would increase removal through enhanced nucleation, co-precipitation, and adsorption.

285 Mn(II) removal (Figure 4a) was independent of its initial concentration (p> 0.05). Particle 

286 number concentrations increased with the increasing initial Mn concentration (Figure S7c), 

287 though the metal removal was not dependent on the initial concentration. Similar to Mn, Cu 

288 removal was also not dependent on the initial Cu concentration. 

289 Conclusions
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290 Our findings demonstrate that aqueous metals undergo rapid phase change in the DTT assay 

291 due to precipitation, co-precipitation, adsorption, and/or enhanced nucleation of metals. Multiple 

292 analyses confirmed the precipitation of metals in SRM-1648a extract and metal-salts in the DTT 

293 assay (37 °C, 7.4 pH, 0.1 M phosphate buffer). Precipitation occurred at low concentrations of 

294 metals, similar to that in ambient PM filter extracts, and scales that are not visible to the naked 

295 eye. There was increased metal removal in the SRM-1648a extract samples compared to metal 

296 salts, likely due to co-precipitation, adsorption, and/or enhanced nucleation. Metal removal was 

297 dependent on the initial metal concentration and the sample composition, suggesting a complex 

298 phenomenon that may affect assay results differently depending on sample characteristics. 

299 Therefore, the extent of metal precipitation in the DTT assay is likely to vary between samples 

300 collected at different times and in different environments. The metals that were shown to 

301 precipitate or co-precipitate (Fe, Mn, Al, Ca, Pb, Mg, Zn, Cu, V) may affect DTT assay results38, 

302 85-87 as both soluble and insoluble fractions of metals in PM can affect ROS production 

303 differently42, 43, 46, 47. 

304 The DTT assay, which is widely used to quantify oxidative potential in PM studies, is likely 

305 affected by the phenomena reported in this study, as we observed dramatic changes in the 
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306 aqueous concentrations of species that are highly redox active. Metal precipitation in the DTT 

307 assay may contribute to the weak relationship observed between the DTT assay and cellular 

308 assays such as macrophage ROS assay and H2DCFDA88-90. The effects of metal precipitation on 

309 the DTT assay for are beyond the scope of this study but are the subject of ongoing work in our 

310 lab. These results likely have implications for other phosphate-based acellular assays, such as 

311 ascorbic acid (AA), 2′,7′-dichlorofluorescein (DCFH), and glutathione (GSH)17. Thus, 

312 understanding the fate of soluble metals in those assays is a pressing research need to fully assess 

313 their application for particle toxicity measurements.  

314 The proposed research also has broad implications beyond PM toxicity. Phosphate, added as 

315 NaxHyPO4 or KxHyPO4 (with x and y summing to 3), is a common ingredient in many surrogate 

316 biological fluids, including Simulated Body Fluid, Updated Simulated Body Fluid, Simulated 

317 Synovial Fluid, Simulated Colonic Fluid 1, Simulated Saliva, Simulated Semen Solution 1, and 

318 Simulated Sweat91. The various forms of Simulated Lung Fluid (SLF) all contain sodium phosphate 

319 buffer91. Synthetic biological fluids are used in a wide array of biomedical research, including drug 

320 delivery and release. Many of these synthetic biological fluids have pH = 7 – 7.5, which suggests 

321 transition metal precipitation likely occurs in these matrices. Aqueous metal removal is possible, 
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322 even when metals are present below their saturation concentration, due to co-precipitation and/or 

323 adsorption. Therefore, the phenomenon identified in this work may introduce unwanted artifacts and 

324 biases in other systems that contain phosphate.      

325
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