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Content of this supporting information
This supporting information contains additional details on methods and additional data and figures to support the interpretation made in the results and discussion section. In total, this SI includes 12 pages of text including 9 figures and 4 tables.

Additional details towards methods
Text S1: Preparation of field derived in-house culture
The field culture used in the experiments to study particle toxicity towards reductively dechlorinating bacteria was prepared in the following way. Groundwater was collected from well B111 at the Skovlund Byvej site, Denmark, at a depth of 1.5 meters. This well taps an aquifer contaminated with PCE, TCE, DCE and VC and is characterized by iron reducing conditions (Schiefler et al. 2018). The collected water was directly filled into a sterile, nitrogen filled, Pyrex bottle with silicone rubber sealed lid to ensure minimum oxygen influx and to keep sterility. Back at the lab, the collected water was placed into a hard-walled N2 filled glove box (MBraun-Unilab) and used as starting solution for the enrichment cultures. For this, a reduced (with 0.2 mM Na2S and L-cysteine), bicarbonate buffered (30 mM NaHCO3) mineral medium was prepared according to Loeffler et al (2005) (Löffler et al. 2005) and sterilized  using an autoclave. Note that no precipitates formed during sterilization. The enrichment cultures were set up in 160 mL serum bottles by mixing 50 mL of the reduced medium with 50 mL of the collected groundwater. The serum bottles were crimp capped with VitonTM stoppers and amendments to give final concentrations as follows: 250-300 µM TCE (electron acceptor, added as 3 μL pure phase) and filter sterilized: 5 mM sodium lactate (added as 56.03 mg in 1 mL DO/DI) plus 12 mM methanol (added as 49 μL) as hydrogen and acetate precursors, 650 µg/L vitamin B12 (added as 65 µg in 0.1 mL DO/DI), 0.5 mM Ti(III)-nitrilotriaceticacid (reductant, added as 2 mL of 25 mM (Moench and Zeikus 1983)) and 1 mL Vitamin-mix MD-VS (ATCC). The cultures were incubated inside the anaerobic chamber at room temperature, by placing them upside down (to avoid contact between headspace and the Viton stopper) inside a cardboard box to stimulate growth in the dark. 
Regular aqueous phase analyses (every 3-5 days) using gas chromatography mass spectrometry (GC-MS) was performed to monitor the time-dependent decrease in the added electron acceptor, i.e., TCE, and the evolution of degradation products (Fig. S1a). For this, 100 μL suspension aliquots were removed from each amended culture using a syringe and needle, and mixed with 9.9 mL of degassed MilliQ water inside a 20 mL GC glass vial before crimping. The GC glass vials were equilibrated with the headspace (HS) for 15 min at 50°C before withdrawing 1 µL of HS using a Gerstel 1888 HS Autosampler and injecting onto a DB-624MS (Agilent) column. The column was operated in an Agilent 6890 GC and set at an initial oven temperature of 35°C, ramped to 115°C at a rate of 10 °C/min. 
Once all chlorinated electron acceptors became largely depleted, i.e. VC, in the first enrichment (~9 weeks, Figure S1a), 10% of grown culture were transferred to a new bottle with fresh medium and amended with the same aliquots of electron donors and acceptors as explained above. The second enrichment proceeded similar to the first, and transfer of grown culture occurred after 5 weeks to initiate a third enrichment. During the third enrichment, some headspace samples were also taken from the reactor to test for fully dechlorinated species using a Trace 1300 GC quipped with a flame ionization detector (Thermo Scientific). For this a 500 µL sample was removed from the cultures using a gas tight syringe and manually injected onto a PoraBond U column (Agilent) set at a temperature of 40 °C for 2 minutes and then heated to 220 °C at a rate of 25 °C/min. Note that during the third enrichment, VC degradation was much slower (Fig S1b), suggesting that, initially, VC was possibly degraded through a co-metabolic process rather than by strains bearing the vcr reductase. This enrichment procedure was continued for about a year (data not shown) and then used in the viability study presented in the main text. 
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[bookmark: _Ref29927283]Figure S1: Reductive dechlorination profiles enrichment cultures a) during first and b) third enrichment.

Text S2. Serial dilution (SD) approach for ATP testing with S. MR-1
To estimate bacterial viability using ATP based measurements in a high-throughput, compatible screening approach, samples were serially diluted 1:1 to remove light scavenging effects of the added nZVI and S-nZVI materials (Fig S2). The ATP-assay used is highly sensitive across a wide linear range, thus allowing for multiple 1:1 dilutions of even low cell numbers, while still yielding a linear response. This linearity can be illustrated by plotting the number of dilutions  in a log2 plot versus measured luminescent signal. It is easier however to plot luminescence against the fraction of original sample, after  dilutions (Fraction = 1/2n; Fraction = 1 being undiluted), in a linear plot, as shown in Figure S3a. The relation of the sample fraction to the number of dilutions is also shown in the experimental scheme in Figure S2.
For the assay, all wells used for dilution within the 96-well-plate (coloured rows B to F in Fig. S2) were pre-filled with 100 µl of 0.85% NaCl solution. After, 100 µl of exposed sample were added to the respective wells in row A and B. The solution in B was then mixed by quickly pipetting up and down thrice, before transferring 100 µl to the row below in the same manner. A total of n = 5 dilutions were performed and row G served as waste for the excess 100 µL after dilution 5. The well-plate was then placed into the luminometer (Fluoroskan Ascent FL), where 50 µl BacTiter-Glo (reagent:sample = 1:2) was added automatically to each well using the internal dispenser. In nZVI and S-nZVI exposed samples, linearity between dilution and luminescent signal was only observed at dilutions of n=3-5 (Fig. 3b) due to the light scavenging effects of the nZVI and S-nZVI materials. Thus, we only measured those dilution samples for viability estimation. Further dilutions also exceeded the linear detection range for samples of low viability (i.e. 120 minutes exposures). As shown here, this ATP approach is therefore limited by both, the amount of particles added (or their light scavenging capacity) and the viability range to be tested. 

[image: ]
[bookmark: _Ref29752552]Figure S2: Typical plate layout of serial dilution (SD) approach for a number of n sample dilutions (purple arrows) within 96-well plates and the remaining fraction (Frac.) of original sample upon dilution. Control (blue) and exposures to nZVI, Na2S-nZVI and Na2S2O4-nZVI (black, red, green). The analyzed sample dilutions (n = 3-5) are shown by the drawn box (cyan).

Emission was detected in kinetic mode (10 second intervals) over 10 minutes, using a 250 ms integration time. Signals collected between 3 and 6 minutes were averaged and expressed in % of the respective dilution  of the bacterial control, to account for equal dilution:
                                   (eq. 1)
The resulting viabilities of dilutions 3 to 5 were averaged and taken as final ATP-viability. An example of ATP-viability vs. dilution number  is shown in Figure S3 b (red data plot). 
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[bookmark: _Ref29830896]Figure S3: a) Serial dilution of S. MR-1 suspension (no added materials) for a relevant number of 1:1 dilutions (n ≥ 2; fraction ≤ 0.25): relative luminescent units (RLU) vs fraction of initial S. MR-1 suspension (1 = 100%, n = 0). b) Serial dilution of exposed S. MR-1 sample (to nZVI for 20 minutes): luminescent signal vs. fraction remaining (black) with linearity (dashed line) obtained for dilutions with n = 3-5 (dotted droplines), as well as obtained % viability, relative to control, vs. the number of dilutions n (red). Reported viabilities are the average of viabilities calculated for dilutions, n= 3-5. Upon further dilution (i.e., n>5), the sensitivity of the method was exceeded, particularly for samples of very low viability (e.g., bacteria exposed to nZVI and S-nZVI for 120 minutes).

To test for cell free ATP in S. MR-1 setups (i.e., false positives), a set of exposed samples were first filtered (0.22 µm syringe filters, Q-Max, Frisenette) to remove bacterial cells and the nZVI/S-nZVI particles, and then subjected to both ATP and CFU analysis. No colonies were spotted on the plates and measured ATP levels were generally negligible (i.e., no false positives from cell-free ATP), indicating cell free ATP could not be detected. An ATP standard curve was prepared every day. 

Text S3. Extraction-centrifugation (EC) approach for ATP testing with mixed cultures
Preliminary exposures of the KB-1® culture to particle loadings as used for S. MR-1 (100 mg/l) showed that they are much more robust and can tolerate far higher particle loadings than S. MR-1. We therefore tested KB-1® exposures to particle loadings as high as 1000 mg/L, which is also more representative of conditions during field injections. In terms of ATP assay, this high particle loading poses a problem, however, because more dilutions are then required to ensure the materials are not quenching the luminescent signal. However, as noted earlier, if more than 5 dilutions are made, the ATP sensitivity becomes too low. For the field cultures, we therefore applied a modified ATP protocol. Following the desired exposure, a 200 µl suspension aliquot was transferred to a sterile 2 mL tube and amended with 100 µl of ATP reagent BactiterGlo (reagent:sample = 1:2, as for serial dilutionSD). The tube was inverted 3 times, left to lyse for one minute and then centrifuged (at 8.000xg) for two minutes. 150 µl of the supernatant was then transferred to the 96-well plates for luminescent analysis. Samples were analyzed in kinetic mode as for the serial dilutionSD approach. The signal was collected between 8 and 9 (KB-1) and 10 and 11 (field culture) minutes and then averaged. To avoid discrepancies due to non-simultaneous signal decay, no more than 4 samples were handled simultaneously.  Analyzed samples were within the linear range of the method as confirmed by serial dilutions of original stocks and limits from ATP standard calibrations.

Text S4. PDF data analysis
Fit-2D was used for calibration to the CeO reference material and integration of the data to 1D scattering patterns (Farrow et al. 2007). PDFgetX2 (Qiu et al. 2004) was used to calculate PDFs using a Qmax of 21 Å-1. Appropriate background subtraction, normalization and corrections were applied as described previously (Mangayayam et al. 2019a). PDF patterns of reference materials (FeSm, Fe(OH) and FeS2) were obtained using PDFgui (Farrow et al. 2007) and a Qbroad of zero and Qdamp of 0.2177 Å-1, as obtained from fitting the PDF of the nZVI sample to α-Fe (Wyckoff 1963). 





Additional details towards results and discussion
Table S1: Relative abundance of elements as derived from XPS wide scans. Relative percentages of elements are given (total = 100%).
	
	nZVI
	Na2S-nZVI
	Na2S2O4-nZVI

	Fe
	20.3
	18.9
	26.3

	O
	58.8
	62.9
	57.7

	S
	0.0
	9.9
	17.5

	C
	20.9
	18.1
	16.1
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[bookmark: _Ref29138840]Figure S4: XPS spectra of (a-c) Fe 2p3/2, (d-f) O 1s and (g,h) S 2p for nZVI, Na2S-nZVI and Na2S2O4-nZVI. Measured (dashed black line) and fitted spectra (dashed red line) showing contributions from different chemical species (cyan, magenta green, yellow) to the total signal. Highly reduced Fe species are least abundant in Na2S2O4-nZVI (706 eV, c), highly oxidized species (O2-) are most abundant in nZVI (d) and higher oxidation S species in Na2S2O4-nZVI (h), rather than Na2S-nZVI (g).

Table S2: Type and relative abundance of iron, oxygen and sulfur species on nZVI, Na2S-nZVI and Na2S2O4-nZVI surfaces via curve fitting of high resolution, O 1s and S 2p and Fe 2p3/2 XPS spectra. Fe 2p3/2 spectra were fitted using three functions for the multitude of iron species, together with their doublet splitting (separated by dotted lines). All other species were fitted by explicit individual functions. Doublets of Fe and S species were generally constrained by a 0.5 scale factor for area, while the full width half maximum (FWHM) and binding energy (BE) position were only strictly constrained for sulfur doublets. Note that mackinawite, most often associated with S-nZVI shell structures ((Kim et al. 2011; Mangayayam et al. 2019a, 2019b; Song et al. 2017)), exhibits no Fesat peaks because it is typically in low-spin state (Mullet et al. 2002). 
	
	
	nZVI
	Na2S-nZVI
	Na2S2O4-nZVI

	 
	 
	BE
	FWHM
	%
	BE
	FWHM
	%
	BE
	FWHM
	%

	Fe 2p
	Fe0/FeS
	706.6
	1.0
	5.6
	707.1
	1.0
	5.3
	706.4
	1.0
	2.8

	
	Fe(II)O, Fe(III)O/S
	709.7
	4.0
	44.4
	710.0
	4.5
	48.6
	709.5
	4.3
	39.9

	
	Fesurf, Fesat
	714.3
	5.4
	16.8
	714.6
	5.6
	12.9
	713.8
	8.0
	24.1

	
	Fe0/FeS
	719.5
	1.6
	2.8
	720.1
	1.4
	2.6
	719.5
	1.4
	1.4

	
	Fe(II)O, Fe(III)O/S
	723.1
	4.7
	22.1
	723.4
	5.3
	24.2
	722.5
	4.7
	19.9

	
	Fesurf, Fesat
	729.2
	5.8
	8.3
	729.5
	5.9
	6.4
	727.9
	7.7
	12.0

	O 1s
	O22-
	530.0
	1.3
	21.5
	530.3
	1.2
	16.6
	529.5
	1.2
	19.8

	
	OH-
	531.3
	1.9
	68.3
	532.0
	1.9
	78.9
	531.0
	1.5
	73.9

	
	H2O
	532.4
	1.9
	10.2
	533.4
	1.5
	4.5
	532.5
	1.5
	6.2

	S 2p
	S2-
	 
	 
	 
	161.2
	1.2
	53.9
	161.2
	1.2
	53.0

	
	S22-
	 
	
	 
	162.5
	0.5
	1.57
	-
	-
	0

	
	Sn2-
	 
	
	 
	163.2
	2.4
	8.8
	162.8
	2.3
	11.2

	
	SO32-
	 
	 
	 
	166.3
	2.7
	2.4
	166.3
	2.2
	2.5

	
	S2-
	
	
	
	162.4
	1.2
	26.9
	162.4
	1.2
	26.5

	
	S22-
	
	
	
	163.7
	0.5
	0.8
	-
	-
	0

	
	Sn2-
	
	
	
	164.4
	2.4
	4.4
	164.0
	2.3
	5.6

	
	SO32-
	
	
	
	168.3
	2.7
	1.2
	168.3
	2.2
	1.3




Text S5: PDF and dPDF results and discussion 
To reaffirm the Fe phases identified in the I(Q), particulalry the presence of Fe(OH)2 in the Na2S2O4-nZVI material, pair distribution functions (PDFs) were extracted from the I(Q) (Figure 3 b, full spectra in Figure S5). All three PDFs look very similar, with oscillations only extending to radial distances (r values) of around 30-40 Å, indicating that long range order was limited and reaffirming the nanocristalline nature of the metallic iron core. The most dominant, broad peak at r ~ 2.5 Å stems from first (r = 2.48 Å) and second (r = 2.56 Å) shell Fe0-Fe0 (14). The fact that they cannot be readily distinguished indicates that the Fe0 cores in these ZVI materials have local disorder, further confirming their nanocrystallinity. Aside from Fe0 distances, we only observe an additional peak at 3.25 Å in the Na2S2O4-nZVI sample. In a previous study, where S-nZVI was produced by one-pot synthesis with dithionite, this peak was identified as FeII-FeII distances in edge-sharing octahedra (3.26 Å) in Fe(OH)2 [34,57], which fits with the shoulder observed around 2.5 Å-1  in the I(Q) of Na2S2O4-nZVI. In terms of the FeSm phase in the Na2S-nZVI and Na2S2O4-nZVI, the characteristic FeSm first neighbour Fe-S (2.24 Å) and Fe-Fe (2.58 Å) distances were not apparent in the PDFs, possibly because they were masked by the Fe0 peaks (15). To probe the shell structure, we calculated the differential PDF between sulfidated PDFs (Na2S-nZVI, Na2S2O4-nZVI) and non-sulfidated PDF (i.e., nZVI) (d-PDFs, Figure 3 c). By comparison to the mackinawite structure [58], we can document that both d-PDFs show clear peaks at distances expected for first neighbor Fe-S (2.24 Å) and Fe-Fe (2.58 Å) distances. They also show broad peaks at ~3.7 Å and ~4.3 Å, where FeSm has two further dominant peaks, i.e., S-S (3.66 Å) and Fe-S (4.30 Å) (Figure 3 c). Noteworthy that other FeSx phases (such as pyrite shown in Fig. 1c) did not fit the d-PDFs, indicating that the Na2S-nZVI and Na2S2O4-nZVI shell structure was mackinawite-like. The presence of a potential Fe(OH)2 phase in Na2S2O4-nZVI also seems supported by the d-PDF-S2, showing a shoulder/shift at ~2.1 Å and a clear additional peak at 3.25 Å, matching first neighbour Fe-O (r = 2.14 Å) and FeII-FeII (r = 3.25 Å) distances in Fe(OH)2 (Fig. 1c). The lack of any clear peaks at higher r-values in the d-PDFs indicates that the shell structures were poorly ordered.  


[image: ]
[bookmark: _Ref19704761]Figure S5: a) Full PDF patterns of nZVI, Na2S-nZVI and Na2S2O4-nZVI. b) Zoomed in PDFs showing interatomic distances up to 10 A. For comparison, simulated structures of Fe(OH)2 (Parise et al. 2000) and mackinawite, FeSm (Lennie et al. 1995) are also shown. c) Differential d-PDFs of Na2S-nZVI and Na2S2O4-nZVI as well as simulated reference spectra of Fe(OH)2 (grey), FeSm (yellow) and FeS2 (purple) (Bayliss 1977) are shown again. Solid and dashed lines indicate peak positions of FeSm and Fe(OH)2, respectively. Reference spectra were scaled by a factor of 0.15 to ease comparison.

Table S3: Measured CFU- and ATP-viabilities (%) in S. MR-1 exposures to nZVI, Na2S-nZVI and Na2S2O4-nZVI under aerobic and anaerobic conditions. Values represent average values of triplicate experiments with the error given as one standard deviation (std.).
	 
	 
	CFU
	 
	ATP

	
	 
	nZVI
	Na2S-nZVI
	Na2S2O4-nZVI
	
	nZVI
	Na2S-nZVI
	Na2S2O4-nZVI

	 
	 
	Viab. [%]
	SD
	Viab. [%]
	SD
	Viab. [%]
	SD
	
	Viab. [%]
	SD
	Viab. [%]
	SD
	Viab. [%]
	SD

	Aerobic
	20
	14.05
	3.70
	38.29
	20.20
	10.14
	3.43
	
	33.69
	6.12
	53.97
	13.46
	44.88
	1.99

	
	60
	5.92
	5.68
	22.30
	10.35
	3.50
	0.82
	
	14.58
	2.32
	39.15
	1.97
	27.15
	11.74

	
	120
	0.89
	1.24
	1.83
	1.36
	0.21
	0.04
	 
	9.84
	3.73
	27.81
	8.84
	21.37
	7.56

	Anaerob.
	20
	67.66
	16.02
	68.71
	10.65
	59.74
	6.82
	 
	77.05
	4.38
	71.65
	3.17
	75.70
	11.58

	
	60
	46.75
	10.78
	64.33
	10.10
	45.70
	19.60
	
	78.89
	7.63
	77.66
	13.83
	78.47
	3.56

	
	120
	0.03
	0.02
	1.67
	1.72
	0.30
	0.43
	 
	27.42
	16.58
	49.95
	15.38
	34.19
	17.11



While the measure of ΔAssay is simply calculated as the value of ATP viability minus the CFU viability, the respective standard deviation was calculated according to eq 1 below. Here, SDATP and SDCFU stand for the respective standard deviations of the ATP and CFU data point, while n is the number of experimental replicates averaged (n = 3). 
                                                      (eq 2)


[image: ]
Figure S6: Toxicity of materials against S. MR-1 after exposure to 100 mg/l, expressed in logarithmic (base 10) scale: Aerobic conditions using the CFU and ATP assay (a and b respectively), as well as anaerobic conditions using the CFU and ATP assay (c and d respectively). On the log scale differences between the 120 minutes exposure under anaerobic conditions of the CFU assay (c) become more visible, as do differences for nZVI to aerobic conditions of the same assay (a).

[image: ]
Figure S7: pH measurements in S. MR-1 exposure experiments with nZVI, Na2S-nZVI and Na2S2O4-nZVI under (a) aerobic and (b) anaerobic conditions. The pH was measured using a Metrohm 827 pH Lab electrode. To yield sufficient solution volume for these pH measurements, separate exposures were set-up at 10 times the volume used for viability measurements, but still keeping the same liquid to headspace ratio. Data represent average values and standard deviations of at least duplicates. While little pH change was observed under aerobic conditions, a clear increase in pH occurred under anaerobic conditions, which is likely due to the absence of oxygen during particle corrosion and the increased production of hydrogen and hydroxide (see 1.I in Table S4). Slightly dissimilar behavior can be observed for nZVI compared to S-nZVI materials under anaerobic conditions, implying stronger hydrolysis of nZVI.

To evaluate potential differences in aqueous iron concentrations upon re-suspension of the materials in 0.85 w% NaCl solution for exposure experiments, the dissolved Fe2+  was measured in material suspensions after 20, 60 and 120 min using the ferrozine method (Viollier et al. 2000). 

[image: ]
Figure S8: The time-dependent evolution of aqueous Fe2+ concentrations during aerobic exposure of 100 mg/l nZVI, Na2S-nZVI and Na2S2O4-nZVI to 0.85% NaCl solution as determined by the ferrozine method (no bacterial cells were added).

[image: ]
Figure S9: ATP viability of S. MR-1 in the absence and presence of 10 mM tBuOH hydroxyl radical scavenger under aerobic conditions for the three tested materials.

[image: ]
Figure S10: Relative luminescent units (RLU) measured in controls of the KB-1® and the field derived culture (where no nZVI and S-nZVI materials were added) over the course of the exposure experiments. Note that the viability of the field derived culture started to drastically decline after 12 hours, while the KB-1® culture was more resilient in the 0.85% NaCl solution. 

Table S4: Overview of iron corrosion reactions and ROS formation under aerobic conditions (1.I-1.III) as well as the successive Haber-Weiss cycle (2.I – 2.V). Further shown are competing reactions involving Fe(III) (3.I – 3.III) that have been suggested to possibly yield ferryl species as well. The intermediate of reaction 1.II is the superoxide anion (O2-). Shown reactions are possible pathways only and are dependent on solution pH, the proportions of the chemical constituents as well as Fe-coordinating species. Further information can be obtained from the literature (Hug and Leupin 2003; Katsoyiannis T. AU3 - Hug, S.J. 2008; Keenan and Sedlak 2008; Pang et al. 2011; Bataineh et al. 2012; Lee et al. 2013; Lee 2015; Lu et al. 2018; Illés et al. 2019). 
	nZVI dissol.
	Fe0 + 2H2O
	→
	Fe(II) + H2 + 2OH-
	1.I

	
	Fe0 + O2 + 2H+
	→
	Fe(II) + H2O2
	1.II

	
	Fe0 + H2O2 + 2H+
	→
	Fe(II) + 2H2O
	1.III

	Haber-Weiss cycle

	Fe(II) + H2O2
	→
	Fe(III) + OH● + OH-
	2.I

	
	
	or
	Fe(IV)O+ + H2O
	2.II

	
	OH● + H2O2
	→
	O2●- + H2O + H+
	2.III

	
	O2●- + H2O2 + H+
	→
	O2 + OH● + H2O
	2.IV

	
	Fe(II) + OH● + H+
	→
	Fe(III) + H2O
	2.V

	Fe(III) chemistry
	Fe(III) + H2O2
	→
	Fe(III)(OOH)2+ + H+ 
	3.I

	
	Fe(II) + Fe(III)(OOH)2+
	→
	Fe(IV)O+ + Fe(III)
	3.II

	
	
	or
	2Fe(III) + OH●
	3.III
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