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Materials and Methods 

Materials 

All chemicals were reagent grade and were used as received except 2,4-dinitrophenyl 

hydrazine (DNPH), which was recrystallized three times from acetonitrile.  All solutions were 

prepared using 18 MΩ Milli-Q water from a Millipore system.  Glassware for cell-free 

experiments and iron analysis was acid-washed and rinsed before use.  Glassware for solution 

preparation for the lung cell experiments was autoclaved after acid-washing. 

Phosphate-buffered saline (PBS: 1.06 mM KH2PO4, 2.97 mM Na2HPO4, 155 mM NaCl) with 

the pH adjusted to 7.0 with HCl, was used in all experiments, unless indicated.  PBS was chosen 

because it is the simplest solution that adequately buffers the system when nanoparticulate zero-

valent iron (nZVI) is added and provides conditions conducive to bronchial epithelial cell 

viability.   As described in the manuscript, oxidant yield during nZVI oxidation was enhanced in 

PBS relative to PIPES-buffered solutions used in previous studies [1-2].  Iron chelators, such as 

2,2’-bipyridine (BPY) or desferrioxamine (DFO), or oxidant scavengers, such as dimethyl 

sulfoxide (DMSO), benzoate (BA), or tert-butanol (TBA), were added to PBS in some 

experiments (Table S1).   PBS solutions for the lung cell experiments were autoclaved or filter-

sterilized, as appropriate.     

Nanoparticulate zero-valent iron was prepared daily as described previously to produce 

primary particles with a diameter between 10 and 100 nm and a surface area of 33.5 m2/g [3-4].  

The primary particles aggregate into chains in solution [3].  Ferrous iron (Fe[II]) stock solutions 

were prepared by dissolving ferrous sulfate in 1 mM HNO3.  Weathered nZVI suspensions were 

prepared by allowing the diluted nZVI solution to oxidize in air-saturated PBS solutions for 4 h 

S 2



prior to use.  Measurements of Fe(II) indicated that all of the  iron was oxidized within this 

period.   

Cell-free experiments 

Experiments in the absence of cells were carried out in air-saturated solutions at room 

temperature (20 ± 2ºC) in the dark, except as noted.  The 60-mL glass serum vials were sealed 

with rubber septa with no headspace to prevent oxygen transfer to and from the solution.  

Although the concentration of oxygen decreased as iron was oxidized, the final [O2] was never 

less than 50 µM.  To initiate a reaction, an aliquot of nZVI and/or Fe(II) was added from a stock 

solution to solutions containing 5-100 mM of the probe compound in a buffer solution (e.g., 

PBS, PIPES).  The particles were kept in suspension by placing the reactors on an orbital shaker 

table at 150 rotations per minute.  Samples were collected at different time intervals using a 5-

mL glass syringe and filtered immediately through a 0.22-µm nylon syringe filter (Fisher).  The 

reactors were sacrificial, at least three reactors were sampled for each time point, and the data 

were averaged.   

Equilibrium speciation calculations were performed using MINEQL+, with equilibrium 

constants added from the NIST Standard Reference Database [5] as necessary. 

A colorimetric method [6], was used to quantify filterable Fe(II), total filterable iron, and total 

iron in experiments conducted in the absence of 2,2’-bipyridine or desferrioxamine.  The method 

was further modified by adding an aliquot of ammonium fluoride (final concentration = 7 mM) 

before adding ferrozine to dissolved Fe(II) samples to prevent interference by Fe(III).  Filterable 

iron was defined as iron that passed through a 0.22-µm nylon syringe filter.  Total iron was 

quantified after adding hydroxylamine hydrochloride (final concentration = 60 mM) to acidified 

samples.  Control experiments with freshly prepared nanoparticles indicated that nZVI did not 
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pass through the filter (data not shown).  Samples were analyzed on a UV-Vis spectrophotometer 

(Perkin Elmer Lambda 14; ε562 nm = 27,900 M-1 cm-1) with a 1-cm pathlength cuvette.  All 

standard curves were linear with regression coefficients >0.9990 and a detection limit of 0.2 µM. 

Complexes of 2,2’-bipyridine (BPY) with Fe(II) or desferrioxamine (DFO) with Fe(III) form a 

pink or orange color, respectively, that can be quantified spectrophotometrically.  In experiments 

with BPY, samples were filtered and acidified to measure filterable Fe(II) or reduced with 

hydroxylamine hydrochloride to measure total filterable iron.  Total iron was quantified after 

adding hydroxylamine hydrochloride (final concentration = 60 mM) to acidified samples.  The 

pH was raised to 4.7 using an ammonium acetate buffer (3.86 g ammonium acetate and 2.83 mL 

of 30% NaOH/10 mL).  In experiments with DFO, total filterable and total iron were measured 

by acidifying filtered or unfiltered samples and then raising the pH with an ammonium acetate 

buffer.  Samples were analyzed on a UV-Vis spectrophotometer.  The detection limits were 0.4 

and 0.8 μM for Fe(II) in BPY (ε523 nm = 9,100 M-1 cm-1; [7]) and Fe(III) in DFO (ε425 nm = 2,460 

M-1 cm-1; [8]), respectively.   

Superoxide production was quantified by measuring the colored product of the reaction of 3'-

[1-[(phenylamino)-carbonyl]-3,4-tetrazolium]-bis(4-methoxy-6-nitro)benzene-sulfonic acid 

hydrate (XTT) reduction with O2
-  (ε470 nm = 21,600 M-1 cm-1; [9-10]).  The concentration of 

superoxide was determined by comparing XTT reduction by nZVI with and without 30 U/mL 

superoxide dismutase (MP Biomedicals) to account for XTT reduction by sources unrelated to 

O2
- .  Samples were prepared by mixing 100 μM nZVI with 300 μM XTT in PBS in 25 mL glass 

flasks. Samples were mixed on a stir plate in the dark, with six replicates for each condition.  

Aliquots were filtered at the appropriate time point and analyzed on a UV-Vis 
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spectrophotometer.  The detection limit for reduced XTT was 0.7 μM, and should be identical to 

the O2
-  detection limit assuming all of the O2

-  produced resulted in reduction of XTT.   

Hydrogen peroxide was measured using a modified N,N-dimethyl phenylendiamine (DPD) 

method [6, 11-12] with BPY added to complex Fe(II) and EDTA added to complex Fe(III).  

Samples were prepared by adding 100 μM nZVI to PBS; one set of samples contained 1mM 

1,10-phenathroline to complex Fe(II) and prevent H2O2 loss.  Samples were mixed on a stir plate 

in the dark, with three replicates for each condition.  Aliquots were filtered at the appropriate 

time point and analyzed on a UV-Vis spectrophotometer.  The procedure consisted of the 

following steps: first, 2 mL filtered sample was mixed with 200 μL BPY (20 mM in 1 mM HCl) 

to complex Fe(II), followed by the immediate addition of 100 μL EDTA (100 mM) to complex 

Fe(III).  Next, 400 μL of phosphate buffer (pH 6.0, 0.5 M) was added.  10 μL of DPD (1% in 0.1 

M H2SO4) was added and the absorbance at 551 nm was recorded for 1 min to determine the 

baseline absorbance.  Finally, 10 μL of POD reagent (Peroxidase, Type 1 from Horseradish, 

Sigma, 113 units/mg; 90 U/mL) was added and the absorbance was monitored at 551 nm for an 

additional 2 min.  The concentration of H2O2 was determined by subtracting the baseline 

absorbance from the stabilized absorbance after POD addition (ε = 21,000 M-1 cm-1) [12].  The 

method detection limit was 0.4 μM. 

Methanol and benzoate were used as probe compounds to quantify oxidant production and 

determine the nature of the reactive oxidant.  Methanol is oxidized by either OH  or Fe(IV), 

while benzoate reacts with OH  but not Fe(IV) [1].  The main products from the oxidation of 

probe compounds were measured by HPLC as described previously [1].  High concentrations of 

methanol (100 mM) were used to ensure that the oxidants produced by Fe(II) oxidation reacted 

with the methanol to produce formaldehyde (HCHO).  A lower concentration of benzoate (5 
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mM) was used due to its limited solubility, and under our experimental conditions, between 80 

and 95% of the oxidants reacted with benzoate to form three isomers of hydroxybenzoate (ortho, 

meta, and para) in a ratio of 36:34:30 based on results of a previous study in which H2O2 

photolysis was used as a OH  source [13].  Total hydroxybenzoate (HBA) production was 

estimated from this ratio using measurements of para-hydroxybenzoate (pHBA).  Competition 

experiments were performed with methanol and DMSO or TBA.  During these experiments, only 

HCHO, the product of methanol oxidation, was monitored.   

Cytotoxicity experiments 

The human bronchial epithelial cell line 16HBE14o (immortalized by SV40 transformation) 

was used for the exposure experiments.  These cells have been used in previous studies to 

investigate the cytotoxicity of other particles, including diesel exhaust particles [14-16] and a 

particulate fungicide [17], and to investigate oxidative stress caused by cigarette smoke [18] and 

H2O2 [19].  Cells were grown in collagen-coated flasks in minimum essential medium (MEM) 

substituted with 10% fetal bovine serum (Gibco), glutamine, and antibiotics (100 U mL-1 

penicillin, 100 ug mL-1 streptomycin) and were maintained in the logarithmic phase of growth, 

with two separate batches used during the study.  The cells were incubated at 37oC in a 5% CO2 

atmosphere until a confluent layer of cells was achieved.   

Cells were seeded into 12- and 24-well plates (with 4 and 1.9 cm2 growth area, respectively) at 

a density of 0.5-1 x 105 cells per well two days before exposure to nZVI and Fe(II).  Immediately 

before exposure, cells were rinsed with PBS.  For all cytotoxicity experiments, PBS or PBS 

containing the appropriate scavenger or iron-chelator were used as controls.  Fenton’s reagent 

(100 μM Fe[II] and 1 mM H2O2 in PBS) was used as a positive control.  During the one hour 

exposure to iron, cells were incubated at 37oC in an incubator with ambient CO2 concentrations 

S 6



to prevent FeCO3(s) precipitation.  The nominal iron concentration was verified by acidifying an 

aliquot of nZVI, Fe(II), or weathered nZVI stock solutions and measuring the total iron 

concentration.  There were at least three wells per condition and Student’s t-test was used to test 

statistical significance.   

Cytotoxicity was measured by quantifying lactate dehydrogenase (LDH) released into solution 

during the one-hour exposure to nZVI, Fe(II) or weathered nZVI in PBS using a commercially 

available kit (Sigma Aldrich).  The samples were centrifuged at 1,040 rpm for 10 min prior to 

LDH analysis and LDH was measured in the supernatant.  At least three wells were used per 

dose and additional wells were treated with a lysis solution to measure total LDH and total cell 

number.  Results are expressed as a percentage relative to the negative control and total LDH.   

The 2’7’-dichlorodihyrdofluorescein diacetate (HDCF-DA) assay [20-23] was used in some 

experiments to measure ROS production inside the lung cells.  Cells were incubated with 50 μM 

HDCF-DA in PBS for 60 min in the dark to allow the cells to take up the dye and cleave off the 

acetate groups, resulting in uptake of the free, reduced dye (2’7’-dichlorodihydrofluorescein, 

HDCF) to the cells.  The cells were washed with PBS to remove excess dye and then exposed to 

the appropriate control or iron dose for 60 min.  During the exposure, oxidants produced inside 

the cells could oxidize the reduced dye, HDCF, to a fluorescent product (2’7’-

dichlorofluroescein, DCF).  After the exposure, the solution was replaced with fresh PBS and 

fluorescence was measured at 528 nm with excitation at 485 nm using a Perkin Elmer Victor3V 

microplate reader.   ROS production data are reported as a percent increase relative to negative 

controls (100%) with background fluorescence of cells not treated with HDCF-DA subtracted.   

To verify that the iron nanoparticles did not react with HDCF-DA and to demonstrate 

oxidation of HDCF, additional control experiments were performed in cell-free solutions with 
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HDCF-DA and HDCF exposed to nZVI, Fe(II) and weathered nZVI.  HDCF was prepared from 

HDCF-DA as described previously [24].  The appropriate iron concentration was added to 50 

μM HDCF-DA or HDCF suspended in 20 mM phosphate (pH 7) in 1.5 mL microcentrifuge 

tubes.  After 60 min in the dark, the suspensions were centrifuged and fluorescence was 

measured using a Turner Designs fluorometer (TD-700; λexcitation = 486 nm and λemission = 510-700 

nm). 

 

Table S1. List of iron chelators and oxidant scavengers used in bronchial epithelial exposure 

experiments. 

 

Compound Abbreviation Function 

2,2’-bipyridine BPY Fe(II) chelator 

Desferrioxamine B DFO Fe(II) and Fe(III) chelator 

Dimethyl sulfoxide DMSO OH  and Fe(IV) scavenger 

Tert-butanol TBA OH  scavenger 

Benzoate BA OH  scavenger 
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Discussion 

Effect of phosphate, chloride, and bicarbonate on oxidant yield 

Previous studies on nZVI indicate that the release and subsequent oxidation of Fe(II) by O2 is 

the dominant mechanism of oxidant production at neutral pH values [1].  Ligands that accelerate 

the rate of Fe(II) oxidation or increase iron solubility were found to enhance oxidant production, 

with yields approaching theoretical maxima in some cases [2].  Because the bronchial epithelial 

cells can not tolerate PIPES, phosphate and bicarbonate buffers are often used in bioassays.  

Solution conditions used for exposures can affect oxidant production in reaction 5 through 

changes in iron coordination.  In our system, oxidant production was approximately 2-3 times 

higher in PBS than PIPES, saline-PIPES, or HBSS (Figure S2).  These findings can be explained 

by considering the effect of the ligands on Fe(II) oxidation rates and on iron solubility. 

The enhancement in oxidant production observed in the presence of phosphate (Figure S5) 

may be attributable to the increase in filterable iron concentration with increasing phosphate 

concentrations (Figure S5).  However, equilibrium calculations indicate that a solution of 100 

μM Fe(II) or Fe(III) and 4 mM phosphate is oversaturated with Fe3(PO4)2(s) or ferrihydrite at pH 

7 (Figure S7).  In these experiments filterable iron decreased by 20% between 60 min and 6 h in 

PBS (data not shown), suggesting that iron precipitation occurs slowly in the presence of 4 mM 

phosphate.      

The impact of chloride on oxidant yield was also investigated.  The FeCl+ species is less 

reactive than FeOH+ and Fe(OH)2
0 with O2, resulting in a decrease in the rate of Fe(II) oxidation 

by O2 of approximately 85% at pH 7 in the presence of 155 mM chloride in homogeneous 

solutions [25-26].  In our experiments, oxidant yield at 60 min decreased with increasing [Cl-] 

when PIPES was used as a buffer (Figure S4).  Fe(II) oxidation in the presence of 155 mM Cl- 
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was complete within 120 min, and observed HCHO production after 120 min was similar to 

values measured in PIPES alone at 60 min (data not shown).  When phosphate was used as a 

buffer, the addition of chloride had a minimal effect on HCHO production (Figure S4) because 

Fe(II)-phosphate complexes dominated Fe(II) speciation (Figure S7). 

To compare results from this study with previous research in which bicarbonate-containing 

solutions, such as HBSS [27-28], were used, the effect of HCO3
- on iron speciation and reactivity 

was evaluated.  While bicarbonate can significantly accelerate Fe(II) oxidation due to the 

formation of highly reactive species, such as Fe(CO3)2
2- [26], elevated concentrations of HCO3

- 

also can lead to formation of FeCO3(s).  Under the experimental conditions employed in our 

study, HCHO production decreased when bicarbonate was added to PBS (Figure S3) due to 

slightly decreased iron solubility at [HCO3
-] >1 mM (data not shown).  Although it is difficult to 

directly compare these results to conditions in lungs because epithelial lining fluid contains iron 

transport proteins [29] and antioxidants, such as ascorbic acid and glutathione [30], PBS is more 

likely to be more representative of conditions encountered in vivo than HBSS with respect to 

bicarbonate.  The bicarbonate concentration in HBSS (i.e., >4 mM) is higher than the 

concentration encountered in air-saturated solutions and lowers oxidant production through 

Fe(II) precipitation.  
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Figure S1. (a) HCHO or HBA production by nZVI or Fe(II) in PBS and 100 mM CH3OH or 5 

mM benzoate at pH 7, t = 60 min.  (b) Filterable Fe present after 60 min of nZVI or Fe(II) 

oxidation in PBS and 100 mM CH3OH at pH 7, t = 60 min.  Note that no filterable Fe(II) was 

measured at 60 min under these conditions. 
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Figure S2. HCHO production by nZVI in 100 mM CH3OH and PBS, HBSS, 1 mM PIPES, or 1 

mM PIPES + 150 mM NaCl at pH 7, t = 60 min. 
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Figure S3. HCHO production by 100 µM nZVI in PBS and 100 mM CH3OH with 0-10 mM 

HCO3
- at pH 7, t = 60 min. 
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Figure S4. HCHO production by 100 µM nZVI in 4 mM phosphate or 2 mM PIPES and 100 

mM CH3OH with 0-155 mM Cl- at pH 7, t = 60 min.  [HCHO]0
 was 10.2 and 4.1 µM in 

phosphate and PIPES, respectively.   
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Figure S5. HCHO production and filterable Fe released by 150 µM nZVI in 1 mM PIPES and 

100 mM CH3OH with 0-10 mM NaH2PO4 at pH 7, t = 60 min. 

S 13



[Fe] (μM)

0 50 100 150 200 250

Fl
uo

re
sc

en
ce

 in
cr

ea
se

 (%
)

0

2000

4000

6000

8000

10000
nZVI 
Fe(II)
Weathered nZVI

 

Figure S6. Reaction of nZVI, Fe(II), or weathered nZVI with 50 µM HDCF (solid points) or 

HDCF-DA (hollow points) in 20 mM phosphate at pH 7, t = 60 min.  Data is reported as % 

increase relative to blank controls. 

Table S2. Ratio of lung cell viability in cells exposed to 100-200 µM nZVI in 1 mM DMSO in 

PBS, 1 mM tert-butanol (TBA) in PBS, or 1 mM benzoate (BA) in PBS relative to viability in 

scavenger-free PBS.  Experiments were conducted in PBS at pH 7, t = 60 min.  DMSO data were 

collected in two batches of cells.  

[nZVI] (µM) DMSO TBA BA 

100 µM 1.23 ± 0.08 1.00 ± 0.04 0.99 ± 0.06 

200 µM 26.8 ± 22.3 0.97 ± 0.05 1.01 ± 0.06 
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Figure S7. (a) Fe(II) and (b) Fe(III) equilibrium speciation in PBS.   
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