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Abstract

Sulfidated nanoscale zerovalent iron (S-nZVI) materials show enhanced reactivity and selectivity towards chlorinated solvents compared to
non-sulfidated nZVI, thus they have a high potential for subsurface chlorinated solvent remediation. However, little is known about the
possible toxic effects of S-nZVI towards microbial communities, which is of particular concern with regard to combined abiotic-biotic
chlorinated solvent treatment scenarios. In this study, the toxicity of two different S-nZVI materials towards Shewanella oneidensis MR-1
(S. MR-1) was examined under anaerobic and aerobic conditions using colony forming units (CFU) and adenosine triphosphate (ATP)
measurements, and the results were then compared to identical exposures performed with non-sulfidated nZVI. In a second step, the toxicity of
S-nZVI and nZVI materials was tested on the commercial bioremediation culture KB-1° and on an in-house trichloroethylene enrichment
culture. Under aerobic conditions, S. MR-1 viability was less affected by S-nZVI materials compared to non-sulfidated nZVI materials (up to
three times higher viability) and it was generally lower compared to anaerobic conditions where little difference in S. MR-1 viability was
observed between the tested materials. In terms of the two dechlorinating cultures, they exhibited significantly higher ATP viability during
anaerobic exposures to S-nZVI and nZVI materials. Particularly for KB-1°, which retained comparable ATP-viability after ~60 hours exposure
as S. MR-1 after two hours. Moreover, the ATP viability of the mixed cultures was generally higher in S-nZVI exposures compared to nZVI
exposures (up to three times higher viability). The observed viability patterns are explained by differences in the shell structure, chemistry and
stability of the tested S-nZVI and nZVI materials towards corrosion, while the substantially enhanced resilience of KB-1° is argued to stem from
its year-long cultivation in the presence of reduced FeS particulates.

Keywords: nanoparticle toxicity; combined biotic/abiotic remediation; ATP; KB-1°; Shewanella oneidensis MR-1; S-nZV1

(Received 03 January 2024; revised 24 March 2024; manuscript accepted: 03 April 2024)

Highlights Introduction

« Sulfidation of nZVI with Na,S reduces bacterial toxicity under
aerobic conditions

+ Differences between CFU and ATP-based viabilities show dif-
ferences in inactivation mechanisms originating from different
particle shell structures

« Sulfidation of nZVI reduces inactivation of KB-1° culture

o KB-1° shows high resilience to (S-)nZVI exposure, compared to
an in-house culture

The past uncontrolled release of chlorinated solvents, particularly
perchloro- and trichloro-ethylene (PCE, TCE), has led to chlorin-
ated solvent contaminated soils and aquifers worldwide that pose
significant threats to groundwater security. In saturated soils, chlor-
inated hydrocarbon compounds are degraded via microbial reduc-
tive processes but the rates are relatively low and degradation often
stops at more toxic intermediate products. Microbial reductive
dechlorination can be stimulated either by injection of organic
substrates (Atashgahi ef al. 2018) or, if native dechlorinating species
are absent and/or incapable of full dechlorination, by the injection
of a dechlorinating culture such as KB-1° (Duhamel et al. 2002).
Much higher rates of chlorinated solvent degradation can be
achieved by the injection of micro and nanoscale zero-valent iron
(m/nZVI) materials, but compared to microbial dechlorination this
abiotic approach has limited longevity due to fast Fe® corrosion by
non-target solutes, as well as a limited radius of influence due to
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limited ZVI mobility upon injection. As a result, combined ZVI-
biotic treatment scenarios have become increasingly popular as one
technique can complement the shortcomings of the other. For
example, in the case of nZVI, the hydrogen produced by anaerobic
corrosion can help stimulate microbial dechlorination by supplying
electrons to hydrogenotrophic bacteria, and Fe° corrosion itself can
create a suitable reducing environment for the growth of anaerobic
bacteria needed in this process (Dong et al. 2019).

More often, however, the highly reactive nature of ZVI, par-
ticularly nZVI, has been shown to have harmful effects on micro-
bial viability (Lefevre et al. 2015; Semerad and Cajthaml 2016) and
microbial dechlorination. Studies have reported a decrease in
dechlorination rates at nZVI concentrations as low as 50 mg/L
(Xiu et al. 2010b; Velimirovic et al. 2015; Kocur et al. 2015, 2016;
Ronavari et al. 2016). In several cases (Velimirovic et al. 2015;
Kocur et al. 2016), microbial dechlorination rates increased again
after extended lag phases, indicating that these cultures could
grow again after initial impairment. In general, nZVTI toxicity is
reported to be highest under anaerobic conditions ( Lee et al. 2008;
Kim et al. 2010; Li et al. 2010), where nZVI exhibits highest
reactivity with chlorinated solvents. The toxicity is argued to arise
via cell/membrane disruption due to direct cell-particle inter-
actions ( Li et al. 2010; Xiu et al. 2010b; Chen et al. 2011; Zhou
et al. 2014; Dong et al. 2016), oxidative stress induced by the Fe*"
produced during anaerobic nZVT corrosion (Lee et al. 2008) and
cell encapsulation by iron corrosion products (Diao and Yao
2009). Under aerobic conditions, where nZVI toxicity seems
lower, the above-mentioned toxicity pathways certainly apply
but the main, or maybe fastest, acting toxicity pathway is attrib-
uted to oxidative stress via the formation of reactive oxygen
species (ROS) by chemical activation of dissolved oxygen
(Wu et al. 2014; Lefevre et al. 2015; Semerad and Cajthaml 2016).

Over the past 10 years, sulfidation of nZVI (S-nZVI) has
emerged as a new strategy to protect the Fe core from fast corrosion
while increasing its selectivity and reactivity towards pollutants
such as chlorinated solvents and ensuring enhanced longevity once
injected (Kim et al. 2011; Fan et al. 2013, 2016, 2017; Tang et al.
2016; Xu et al. 2016; Song et al. 2017; Wu et al. 2018; Mangayayam
et al. 2019b; Garcia et al. 2021). It has recently been shown that
sulfidation could lower nZVI toxicity towards microbial cells
(Garcia et al. 2021). For example, both Cheng et al. (2019a) and
Han et al. (2019) showed that an increase in nZVTI sulfidation led to
a decrease in toxicity towards Escherichia coli under anaerobic
conditions. Both name physical cell membrane disruption or pene-
tration as the main inactivation pathway while Cheng et al. iden-
tified ROS as the main mediator of toxicity, which in turn suggests
that the conditions employed by Cheng et al. were at least partially
aerobic. Semerdd et al. (2020) investigated S-nZVI toxicity under
aerobic conditions and showed that the oxidative stress in Pseudo-
monas putida decreased with increasing nZVI sulfidation. Overall,
these three studies indicate that sulfidation of nZVI lowers toxicity
towards microbial cells. However, only two bacterial strains were
tested using different sulfidation protocols, S-nZVI materials and
different experimental conditions (for example, particle loadings of
10 mg/l vs 500 mg/l), making comparison and interpretation of
toxicity pathways difficult. In addition, given the increased interest
in combined abiotic-biotic remediation treatment scenarios, it is
critical that the toxicity of sulfidated nZVI is also assessed on
dechlorinating cultures, which is absent from the literature thus far.

In this study, Shewanella oneidensis MR-1, a facultative anaer-
obic metal reducer, was exposed to two different S-nZVI materials
and to nZVI (at 100 mg/L particle loadings) under both aerobic and
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anaerobic conditions to assess their toxicity. Toxicity was measured
after 20, 60 and 120 minutes by measuring cell viability via two
assays: classical colony forming units (CFU) and the adenosine
triphosphate (ATP) bioluminescence method. The CFU method
provides a measure of viable clonogenic cell numbers while the ATP
method provides a fast and instantaneous measure of overall meta-
bolic cellular viability and can be applied to all bacterial strains
(or mixtures thereof); thus, it overcomes some disadvantages of
other methods (for example, CFU limited to easily culturable
strain(s), and DNA and qPCR analyses using costly, specialized
equipment). In a second step, the toxicity of S-nZVI and nZVI
materials was also assessed on mixed dechlorinating bacterial com-
munities, as would be relevant in combined abiotic/biotic chlorin-
ated solvent remediation treatment. Here, the ATP viability of the
commercial bioremediation culture KB-1° and an in-house TCE
degrading enrichment culture was monitored upon exposure to
S-nZVI and nZVI materials over one week. In these experiments,
particle loading was increased to 1000 mg/1, which is representative
of conditions during field scale remediation treatment. The impli-
cations of the study results for combined abiotic/biotic treatment
scenarios are discussed below.

Methods

All solutions were prepared using reagent grade chemicals and
deionized MilliQ-water (DI, resistivity = 18.2 Qcm). All material
syntheses and anaerobic toxicity studies with S. oneidensis MR-1
were performed inside an anaerobic vinyl glove box (97% N,/3% H,;
Coy laboratories), and all work related to the mixed cultures was
performed in a hard-walled anaerobic chamber with catalytic oxy-
gen removal (MBraun, O, levels < 0.1 ppm) that was regularly
sterilized using UV-C radiation. For anaerobic procedures, DI
water was deoxygenated by first sparging with N, for at least
30 minutes and then equilibrated inside the anaerobic glove box
overnight (abbreviated as DO/DI henceforth).

Material synthesis and characterization

Nanoscale ZVI (nZVI) was synthesized by first mixing 50.1 ml of
0.35 mM FeCl,4H,O with 21.5 ml of 96% ethanol. Next, 35.8 ml of
1.48 mM NaBH, were titrated to the Fe**-ethanol mixture at a flow
rate of 5 ml/min under constant stirring (He and Zhao 2007; Sun
et al. 2006). The suspension was then stirred for another eight
minutes, followed by the collection of nZVI materials using a strong
magnet. Two different S-nZVI materials were synthesized by using
either sodium sulphide or sodium dithionite in the sulfidation step.
For this, nZVI materials were resuspended in 120 ml of 0.2 M
acetate buffer (pH 5.6), sonicated for 15 minutes, then 4.2 ml of
either 1 M Na,S or 0.5 M Na,S,0, were added (S/Fe = 0.24) to
create Na,S-nZVI and Na,S,04-nZVI materials, respectively. The
suspensions were sonicated for another five minutes and then
placed on a shaker for three hours. Materials were collected by a
magnet and briefly rinsed twice with DO/DI and once with O,-free
methanol (10 ml each) before drying overnight in a vacuum at 25°C.
The dried materials were then gently ground into powder. Fresh
materials were prepared every two weeks.

Freshly synthesized nZVI and S-nZVI materials were charac-
terized using transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS) and high-resolution X-ray
scattering to determine potential differences in the core-shell archi-
tecture between these materials. TEM samples were prepared by
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drop-casting 3 pl of material suspension (in ethanol) on formvar-
coated copper TEM grids and then analysed on a Philips CM20 at
an accelerating voltage of 200 kV. For XPS, dry material was packed
on XPS aluminium stubs inside the anaerobic chamber, and a drop
of methanol was added to wet the samples. The stubs were trans-
ferred to the XPS (Kratos Axis Ultra®® with a monochromatic
Al Ka X-ray source, hv = 1486.6 eV, power = 150 W) using an
anaerobic XPS holder and analysed using a pass energy of 20 eV.
XPS spectral analyses were performed in CasaXPS following pre-
vious procedures (Mangayayam 2019a). High energy X-ray diffrac-
tion was performed at beamline 11-ID-B at the Advanced Photon
Source, Argonne National Laboratories, USA (58 kV, A =0.2114 A)
using a 40 x 40 cm amorphous Si 2D detector placed at a sample-to-
detector distance of 18 cm for pair distribution function analysis
(PDF) and 100 cm for X-ray diffraction. Dried powder samples
were inserted into glass capillaries and sealed with paraffin wax
under inert atmospheric conditions, according to previously estab-
lished procedures (Mangayayam 2019a). More details on sample
analysis and spectra handling are provided in the supplementary
file (Text S4). Lastly, the material-cell association in S. MR-1
anaerobic exposures (explained below) was probed using field
emission scanning electron microscopy (Zeiss Ultra Plus FESEM,
3-5 kV). For this, material-cell pellets (as obtained from centrifu-
gation) were fixed with 2.5% glutaraldehyde overnight and then
dehydrated using ethanol. Samples were coated with a ~20 nm-thick
layer of carbon using a sputter coater.

Bacterial cultures

Shewanella oneidensis MR-1 (S. MR-1; ATCC® 700550™) was grown
aerobically on lysogeny broth (LB) agar plates from frozen stocks.
For experiments, 50 ml sterile LB were inoculated with S. MR-1
from agar plates and incubated for ~18 h at 30°C, under shaking
(110 rpm) until the cells reached the end of the exponential growth
phase. Cell suspensions were pelleted by centrifugation (5 min,
2800xg) and washed twice with a 0.85 wt.% NaCl solution before
resuspending to an optical density (ODggonm) of 0.31-0.32
(~3*107® cells/ml). For anaerobic experiments, cells were washed
and ODyq adjusted inside the anaerobic chamber using a 0.85 wt.%
NaCl solution prepared with DO/DL. All bacterial suspensions were
used immediately for viability testing.

The bioremediation culture KB-1° was obtained from SiREM
(Guelph, Canada), where it had been cultivated under the same
conditions for many years (Duhamel et al. 2002; Pérez-de-Mora
et al. 2018). It was received as an anaerobic suspension, stored at
4°C and used within two weeks of receipt. Prior to removing a
suspension sample for viability testing, the headspace was purged
with sterile N, to remove residual electron acceptors.

The in-house enrichment culture was started by inoculating
50 ml of sterile, reduced synthetic mineral medium (Loftler et al.
2005) with 50 ml of chlorinated solvent-contaminated groundwater
from well B111 of the Innovation Garage site, Skovlunde (Sjeeland,
Denmark) that had previously been shown to contain dechlorinat-
ing species, including Dehalococcoides and Dehalogenimonas and
low levels of ver reductase (that is, functional genes encoding for
vinyl chloride degradation) (Schiefler et al. 2018). The medium
contained TCE as an electron acceptor and lactate and methanol as
an electron donor and carbon source, respectively. More details
on culture medium preparations are given in the Supplementary
materials (Text S1). The culture was enriched by repeatedly trans-
ferring 10% of the grown culture to a fresh medium for almost a year
(Figure S1). To prepare the enriched culture for toxicity assays,
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10% of the grown culture were transferred to a fresh medium and
amended with three successive cycles of donor/acceptor (while
replacing 10% with fresh medium) to reach a viability close to
KB-1° according to ATP measurements. The headspace was
purged before use, as for KB-1°.

Experimental setup for viability testing

Triplicate S. MR-1 exposures were performed on different days
using a newly grown culture, while triplicate mixed culture expos-
ures were performed on the same day using the same culture. For
each experiment, dry nZVI and S-nZVI materials were first resus-
pended in DO/DI (at 10 g/l) inside crimp-capped vials, sonicated
for five minutes and then diluted once more depending on final
material loading (that is, 100, 500 or 1000 mg/l). Exposure experi-
ments were set up in 2 ml centrifuge tubes by mixing 0.1 ml of the
prepared material stocks with 0.9 ml bacterial suspension. Bacterial
controls were amended with DO/DI instead of nZVI/S-nZVI
materials. All tubes were placed on an orbital shaker and sacrifi-
cially sampled after 0.3, 1 and 2 hours for S. MR-1 exposures, while
the mixed culture exposure experiments were regularly monitored
for up to 156 hours. Anaerobic experiments were conducted inside
the anaerobic glove box while aerobic experiments were performed
outside on the lab bench, both at ambient temperatures.

Cell viability assays

Plate counting: The method was adapted from the single plate-serial
dilution spotting (SP-SDS) method (Thomas et al. 2015). In short,
9 sectors were drawn on LB agar plates and 20 pl aliquots from
3 relevant dilutions (prepared in phosphate buffer saline) were
spotted (in triplicate) as 10-12 micro-droplets in each sector. The
number of viable cells was derived by counting the colony-forming
units (CFU) on each plate which were then averaged across triplicates.

ATP bioluminescent assay: ATP tests were performed with
BacTiter-Glo (Promega) as per the manufacturer’s recommenda-
tions and bioluminescence was measured by a Fluoroskan ascent FL
(Thermosci). Due to the dark colour of the S-nZVI and nZVI
materials, which quenches luminescent signals (false negatives),
some additional amendments were necessary. In viability tests with
S. MR-1, this false negative impact could be minimized by serial
dilution because of the low material loading (100 mg/L) and the
large detectable ATP range (details in Text S2, Figs S2 and S3). In
viability tests with the two mixed cultures, where a higher material
loading was applied (that is, 500 and 1000 mg/L), serial dilution did
not work. Instead, the ATP reagent was added directly to exposures
to induce cell lysis before separating the materials by centrifugation
and analysing the supernatant (details in Text S3).

ATP and CFU viabilities (%) in exposures were derived with
respect to ATP and CFU values determined in bacterial controls
(with no added materials). Furthermore, the difference between the
two viability measures, A 5sy = ATP-viability — CFU-viability, was
determined to test for any systematic variations in cell impairment/
toxicity mechanisms between the different materials. Such differ-
ences may arise because ATP can still be retained by cells that
cannot reproduce under CFU test conditions. For example, CFU
inactivation by starvation, impairment and growth inhibition or a
form of necrosis (Chappelle et al. 1978; Oliver 2005, 2010; Pan and
Ren 2023) is also described as a viable but non-culturable state
(VBNC) (Beumer et al. 1992; Federighi et al. 1998; van Tatenhove-
Pel et al. 2019). Entering such a vegetative state, which allows cells
to endure stress and adverse conditions, seems to depend on strain
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and stressor (Su et al. 2015) and thus could vary between tested
materials. As an example, if the measured ATP-viability remains
high with increasing exposure to nZV1/S-nZVI, while the measured
CFU-viability decreases, reflected by A 5.y values increasing with
exposure time, this could be reflective of an increase in VBNC cell
numbers. By contrast, if cell impairment by nZVI/S-nZVI materials
leads directly to cell death, then it is expected that ATP and CFU
viabilities decrease proportionally, reflected by fairly constant
A Aseay Values with exposure time.

Results and discussion
Initial material characterization

Transmission electron microscopy images of nZVI (Fig. 1a) and
nZVI sulfidated with sodium sulfide (Na,S-nZVI, Fig 1b) showed
well-defined, spherical particles with diameters of around 50 to
150 nm, while nZVT sulfidated with sodium dithionite (Na,S,0,-
nZVI, Fig. 1c) exhibited similar sized, spherical particles that were
also surrounded by thin, sheet-like structures (Fig. 1c). Taking a
closer look, Na,S-nZVI particles exhibited a thin shell of lower
contrast, generally less than 10 nm in thickness (inset in Figure 1b),
which was less defined for Na,S,04-nZVI due to the surrounding
sheet-like structures and totally absent in nZVI materials (inset in
Fig. 1a). Overall, these observations match high-resolution TEM char-
acterizations performed on identical nZVI and S-nZVI materials (fig. 2
in Mangayayam et al. 2019b, fig. S1 in Mangayayam et al. 2019a).
X-ray photoelectron spectroscopy confirmed differences in par-
ticle shell structure in the three materials, as indicated by TEM
images. Specifically, XPS data showed the presence of a sulfur
species on Na,S-nZVT and Na,S,0,-nZVT particle surfaces, which
were absent on nZVI particles (Table S1 and Fig. $4). Sulfide (%) was
the most dominant sulfur species in both sulfidated nZVI particles
(~80% of detected sulfur), while other sulfur species (for example, S,
S,.2) constituted only minor phases (~20%, Table S2). High-resolution
XPS scans for Fe 2p (Fig. 54) revealed that relative to Na,S,0,-nZVI,
nZVI and Na,S-nZVI materials exhibited a higher abundance of
reduced iron species (Be®, Fe**-S, Table S2). Conversely, Na,S,0,4-
nZVI exhibited larger Fe surface and Fe** satellite peaks, which are
indicative of high-spin Fe coordination, as observed in Fe (hydr)oxides
(Grosvenor et al. 2004; Mullet et al. 2008). This suggested that
Na,S,0,-nZVI materials contained a higher amount of oxidized Fe
species compared to nZVI and Na,S-nZVI. Overall, oxygen was the
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Figure 2. HEXRD patterns of nZVl, Na,S-nZVl and Na,S,04-nZVI. Reflections are
annotated as Fe® for the nzZVI core, FeS,, and Fe(OH), for mackinawite and ferrous
hydroxide present in the S-nZVI shell.

dominant surface species in all three materials, which was also
observed in previous studies on these materials (Kim et al. 2011; Song
et al. 2017; Su et al. 2019). The O 1s XPS spectra (Fig. S4) further
confirmed that material surfaces were a little oxidized as shown by the
presence of O species.

High energy X-ray scattering data confirmed that nZVI and
sulfidated nZVI materials mainly consisted of nanocrystalline
metallic iron as identified by the broad peaks at Q values of 3.09
and 5.35 A™! (Fig. 2) (Wyckoff 1963). The sulfidated nZVI mater-
ials, Na,S-nZVI and Na,S$,04-nZVI, showed an additional peak at
1.1-1.2 A7, which matches mackinawite (FeS,,) with an expanded
basal plane spacing, as observed previously for these materials (Fan
et al. 2013; Mangayayam et al. 2019b). Lastly, some smaller peaks
and shoulders were observed for Na,S,0,4-nZVI at Q values of ~1.3,
2.3 and 4 A™', which fit reasonably well with the characteristic peaks
of Fe(OH), (Fig. 2) (Mangayayam et al. 2019a). Fe(OH), often
forms sheet-like, flaky particles, so this fits well with the sheet-like
structures observed for Na,S,0,-nZVI in TEM images (Fig. 1c).
A previous study on one-pot sulfidated nZVI with Na,S,0, also

Figure 1. TEM images of freshly synthesized materials showing the differences in core-shell morphology: (a) nZVI particles with no apparent shell; (b) Na,S-nZVI particles with lower
density shell; (c) Na,S,04-nZVI particles with diffuse shells and surrounded by flaky structures. Insets show a close-up of particle shell regions.
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observed Fe(OH), in the particle shell, which the authors confirmed
by looking at the PDF of these materials. This was also done here
(details in the Supplementary materials), with the results shown in
Fig. S5. These analyses reaffirmed the presence of FeS,, in both
sulfidated materials and the additional presence of Fe(OH), on the
surfaces of Na,S,0,-nZVI.

In summary, nZVI materials consisted of spherical, nanocrystal-
line metallic iron particles with a slightly oxidized surface as
expected for these materials from previous reports (Han et al.
2015; Nurmi et al. 2011; Sun et al. 2006). Na,S-nZVI materials
resembled nZVTI particles in size and shape but exhibited a thin iron
sulfide layer that resembled mackinawite, matching previous stud-
ies on similarly synthesized Na,S-nZVI materials (Mangayayam
et al. 2019a, 2019b; Xu et al. 2019). Na,S,04-nZVI materials also
exhibited a mackinawite-like phase in their shell structure but the
particles were further surrounded by larger, sheet-like structures
that were identified as Fe(OH),. Overall, Na,S,0,-nZVI seemed to
exhibit the most heterogeneous surface composition in terms of Fe
and S phases.

Shewanella oneidensis MR-1 exposure to nZVI and S-nZVI
materials

Viability under aerobic vs anaerobic conditions

The viability of S. MR-1 cells in aerobic exposures to nZVI, Na,S-
nZVI and Na,S,0,-nZVI materials, as probed by CFU and ATP
assays, is shown in Figs 3a and 3b, respectively. Qualitatively, CFU
and ATP cell viabilities followed similar trends over the 120-minute
exposure, showing an initial fast decrease in S. MR-1 cell viability
(ATP: 50-70%; CFU: 60-90%) within the first 20 minutes, which
was then followed by a considerably slower decrease. Moreover, both
assays showed that cell viabilities were lowest in nZVI and highest in

Na,S-nZVTI exposures, while in Na,S,0,4-nZVT exposures, CFU cell
viabilities were as low as in nZVI exposures but ATP cell viabilities
were in-between those trends observed for Na,S-nZVI and nZVL.
Under anaerobic conditions, the decrease in S. MR-1 cell via-
bility upon exposure to nZVI, Na,S-nZVI and Na,S,0,-nZVI (Figs
3d, 3e) was considerably slower than under aerobic conditions (Figs
3a, 3b), particularly within the first hour. In fact, little change in
ATP cell viability occurred between 20- and 60-minute exposures.
The largest decrease in cell viability occurred between 60- and
120-minute exposures, reaching similarly low values as under
aerobic exposures, particularly when looking at the CFU data
(Table S3). ATP cell viabilities after 120 minutes were generally
still higher under anaerobic conditions when compared to aerobic
conditions. This suggests that ultimate cell death was, overall, less
rapid under anaerobic conditions. Noteworthily, if monitored for
longer time periods, ATP viabilities in anaerobic exposures would
have likely decreased further. In contrast to observations under
aerobic conditions, little differences in S. MR-1 viability time trends
were observed between the three materials under anaerobic condi-
tions (usually within one standard deviation of one another).
Independent of exposure conditions, ATP viabilities were typ-
ically higher than CFU viabilities (Fig. 3) and this viability differ-
ence (Aagay = % ATP — % CFU) likely reflects some degree of cell
impairment that leads to viable but non-culturable cells (VBNC);
that is, cells that can still retain/produce ATP but are non-culturable
under the employed CFU assay (as described in section 2.5). In Figs
3c and 3f, A pay is plotted for each sampling time for aerobic and
anaerobic exposures, respectively. Under aerobic conditions, A sgsay
decreased with time in exposures to nZVI and Na,S$,0,-nZV],
suggesting the relative number of VBNC cells decreased with time;
that is, cell death became more dominant. By contrast, Ay
steadily increased in exposures to Na,S-nZVI (Fig. 3c), suggesting
the relative amount of VBNC cells increased. Contrarily, under

CFU-viability ATP-viability Apssay
50
a )10 = nzvi b)1e04 —=—nzvi c) 2y
| A Na,S-nZVl 4— Na,S-nZVl =:a,:r:)zwzw
804 o Na,S,0,-nzVI 80 - N8,8,0,-nZVI 40 2,5,0,n
o= 4 £
a £ e 8 \ Z 604 & 304
= 2 { B > |
o £ ] B S g I
Q E’ 40 b 0 | F_L 40 5 204 |
s \ ok 120 <
20 W T 20+ 191
.
. — ]
04 . : T 0 0-
0O 20 40 B0 80 100 120 20 60 120
t [min] t [min]
7 50
100 \ 100
d) wofe e f)
\ 2 \ 20
8] 80 1 d 80
82 | 3 2
O 2 oo N e 120 2 g0 ESO_
o7 : ;
Q = e = £ l
M 2 404 d 40 3 201
z° E
20 204 | 10
\_ \
N
ol : ‘ ‘ ‘ —4 o — o
0 20 40 60 80 100 120 4] 20 40 60 80 100 120 20 60 120
t [min] t [min] t [min]

Figure 3. Viability of Shewanella oneidensis MR-1 upon exposure to 100 mg/L nZVI, Na,S-nZVI and Na,S,04-nZVI under (a—c) aerobic and (d—f) anaerobic conditions: (a, d) CFU-
viability, (b, e) ATP-viability and (c, f) Aassay (= % ATP—% CFU). The plotted data represent the average of triplicate experiments conducted on different days, with errors showing one

standard deviation (see Supplementary information eq 2).
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anaerobic exposures, A,y increased with time in all material
exposures (that is, an increase in VBNC cells relative to cell death);
however, much more in Na,S-nZVI exposures (exponential trend
from a low level) compared to nZVI and Na,S,0,-nZVI trends
(level off, asymptotic trend). Thus, also under anaerobic conditions,
A pssay trends in nZVI and Na,$,04-nZVI exposures seemed more
similar to each other rather than what was observed for Na,S-nZV1.

Given that S. MR-1 viability experiments were all performed in
the same way, with triplicates performed on different days using
fresh cultures, it seems that the different ATP/CFU viabilities and
A pssay trends observed for Na,S-nZVI compared to nZVI and
Na,S,04-nZVI could be due to different impairment mechanisms
acting in the respective systems. This may not be surprising, given
these materials exhibited different particle shell structures and
chemistries as described above (in section on Initial material char-
acterization). Specifically, it was shown that Na,S-nZVI particle
surfaces were dominated largely by FeS,,, while nZVI and Na,S,0,-
nZVI particle surfaces were more dominated by Fe (hydr)oxide
phases. While not measured directly here, it is known that FeS,,
surfaces are more hydrophobic and have a lower point of zero
charge than Fe (hydr)oxide phases such as Fe(OH), and magnetite
(Bhattacharjee and Ghoshal 2018b, 2018a; Xu et al. 2020). In turn,
this would affect ROS chemistry and physicochemical interactions
with bacterial cells (Li et al. 2010), thus material toxicity.

Indications for impairment mechanisms

Under aerobic conditions, cell viability is often argued to be
mainly affected by the type and extent of reactive oxygen species
(ROS) formation. We tested for this by adding a selective
hydroxyl radical scavenger tertiary-butanol (t-BuOH) to aerobic
exposures between S. MR-1 and the three materials (Fig. S9). ATP
analyses showed that S. MR-1 viability increased slightly in nZVI
systems but significantly more in Na,S,04-nZVI exposures; that
is, a ~2-fold increase in ATP viability after 120 minutes with
added t-BuOH (Fig. S9). However, in Na,S-nZVI exposures, the
addition of t-BuOH led to a further decrease in ATP viability,
meaning it increased toxicity. While these observations reaffirm
that nZVI and Na,S,0,4-nZVI materials behave similarly quali-
tatively, but differently to Na,S-nZVI, it is difficult to conclude
much else from these data other than ROS probably played a
greater role in Na,S,0,-nZVI than nZVI aerobic inactivation.
Indeed, it suggests that the ROS chemistry of these materials is
probably quite complex, particularly considering the complexity
of the surface shell chemistry of these materials and that ROS
scavengers themselves may interact with particle surfaces. The
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latter may be the reason for the enhanced toxicity in Na,S-nZVI
exposures with added t-BuOH. Oxidative stress levels induced by
aerobic exposure to nZVI and S-nZVI have only been explored
for P. putida so far; toxicity was highest in exposures to nZVI but
decreased by increasing sulfidation for Na,S-S-nZVI type mater-
ials (Semerdd et al. 2020). However, no information on ROS
speciation was derived, which may best be done in cell-free
experiments (Song et al. 2017).

Under anaerobic conditions, toxicity is presumed to be mainly
mediated by physical and/or chemical cell membrane disruption
and particle penetration into cells (Cheng et al. 2019b; Han et al.
2019; Lee et al. 2008). ATP/CFU viabilities in nZVI, Na,S,04-
nZVI and Na,S-nZVI anaerobic exposures were fairly similar,
although trends in nZVI and Na,S,0,4-nZVI exposures seemed
more similar to each other than to Na,S-nZVT (based on Ay
data in Fig. 3f). To gain insight into the cell-particle association in
these anaerobic exposures, SEM imaging was done on cells col-
lected after 60-minute exposures (Fig. 4). In Na,S-nZVI expos-
ures, cells were largely free of Na,S-nZVI particles and the
particles themselves seemed intact. Conversely, in nZVI and
Na,S,0,4-nZVI exposures, cell surfaces were covered with flake-
like structures and it was difficult to find intact, spherical nZVI
and Na,S,0,4-nZVI particles. Similar observations were also made
in a previous nZVI toxicity study with Bacillus subtilis (Diao and
Yao 2009). Overall, these observations suggest that nZVI and
Na,S,0,4-nZVI particles became unstable and a new, flake-like
secondary phase formed, which was associated closely with the
cells. It is well known that nZVI materials corrode quickly via
interaction with water, which then leads to the formation of
secondary Fe mineral phases such as Fe(OH), (Diao and Yao
2009; He et al. 2016). This seemed to be the case in nZVI and
Na,S,0,4-nZVI exposures while in the Na,S-nZVI exposure, there
appears to be significantly less corrosion, probably because the
FeS,, shell formed a well-defined layer around the Fe’ core, pro-
tecting it from fast corrosion, as shown previously (Mangayayam
et al. 2019b). Corrosion of the Na,S,0,-nZVI material probably
occurred much more quickly due to its more heterogeneous shell
structure with both FeS, and Fe(OH),, as argued previously
for similar Na,S,0,-nZVI materials (Mangayayam et al. 2019a).
Considering how the varied corrosion behaviour impacted cell
viability, it seems harder for cells to reproduce (as in the CFU assay)
when covered with mineral precipitates compared to cells free of
precipitate, as has also been argued previously in nZVI toxicity
studies. This process may well explain the lower CFU viabilities
observed for nZVI and Na,S,04-nZVI anaerobic exposures after
60 and 120 minutes compared to Na,S-nZVI exposures (Fig. 3d).

Figure 4. SEM images of S. MR-1 after 60 minutes of anaerobic exposure to (a) nZVI with cells covered by mineral precipitates; (b) Na,S-nZVI with both cells and particles intact;
(c) Na,S,04-nZVI with cells covered by mineral precipitates. Note that although the SEM image gives the impression that cells and Na,S-nZVI particles form a tight aggregate, this

could in part also be due to SEM sample preparation (drying effects).
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The impact of cell membrane disruption and particle penetrations
on S. MR-1 viability cannot be assessed from SEM images. But,
based on previous studies that performed TEM analyses, this has
also been shown for Na,S,04-nZVI and Na,S type materials
exposed to E. coli (Cheng et al. 2019a; Han et al. 2019) and,
therefore, could be another toxicity pathway in the examined anaer-
obic systems and is possible also in aerobic exposures.

Impact of materials on the mixed KB-1° and field-derived culture

The viability of the KB-1° and in-house TCE enrichment culture was
probed with the ATP assay only as the CFU method is not suitable
for mixed cultures. In experiments where KB-1° was exposed to
the three different materials at a loading of 1000 mg/L, a gradual
decrease in ATP viability to 40% was observed over the first
60 hours with few differences between the tested materials
(Fig. 5a). After 60 hours, trends between nZVI and S-nZVI
materials started to deviate from one another. Specifically, ATP
viability further decreased in the presence of nZVI, with only
about 10% viability remaining after 160 hours. By contrast, in
Na,S-nZVI and Na,S,0,-nZVI exposures, viability stabilized
around 40%. Note that trends at lower material loadings (as tested
for Na,S-nZV], Fig. 5b) were very similar and a significant increase in

a) s = nzVi
—4— Na,S-nZVI
120 1 —e— Na,S$,0,-nZVI
-l 100
=
1 =
= 80
M s
3
X o oo
<
—
40 e ]
e
0 T T T T T T T T T
O 20 40 60 80 100 120 140 160
t [h]
C) 140- —=—nzVI
] —A— Na,S-nzZVI
) 120
m §100_
3 3
O 3 =]
(11
L =
1 n 60
'_
<
- 40 +
20 - \
N
\\
O T _$ T T T T T
40 60 80 100 120 140 160
tih]

viability (roughly 35%) was only observed when the particle loading
was decreased to 100 mg/L.

For comparison to KB-1°% an in-house TCE enrichment culture
was also exposed to nZVI and Na,S-nZVI. This culture showed a
much higher sensitivity to both materials compared to KB-1°.In the
presence of nZV1, almost full inactivation (that is, complete loss of
ATP-viability) of the culture was observed within the first 12 hours,
while in the presence of Na,S-nZVI, ATP-viability was reduced to
about 40% after 12 hours, and practically zero after 40 hours
(Fig. 5¢). Similar to observations with KB-1°, ATP viability trends
of this in-house culture only changed significantly when the mater-
ial loading was decreased 10-fold to 100 mg/L.

The differences in viability between these two cultures can be
explained in part by differences in microbial community structure
because inoculum, cultivation conditions and durations starkly
differed between them. As such, they will have varied in their
robustness towards exposure to these materials. Noteworthily the
total ATP values in the two culture controls (no added materials,
Fig. S10) remained high and comparable within the first 12 hours of
the experiment (Fig. S10). Then, the viability of the in-house culture
control started to decrease considerably while the viability in the
KB-1 control only started to decrease after 60 hours. Reasons as to
why the KB-1° culture strains exhibited a higher resilience towards
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Figure 5. ATP-viability of KB-1® culture upon exposure to (a) the three materials at a concentration of 1000 mg/L and (b) varying concentrations of Na,S-nZVI. ATP-viability of
in-house culture upon exposure to (c) nZVl and Na,S-nZVI at a concentration of 1000 mg/L and (d) varying concentrations of Na,S-nZVI. Data represent averages of triplicate
exposures and error bars give one standard deviation. Experiments with the in-house culture were terminated early due to low viability at high material concentrations.
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the tested materials are probably rooted in the over 15 years of
cultivation in the presence of reduced iron (nano) materials
(precipitated from (NH,),Fe(II)(SO,), and Na,S used as reducing
agents for KB-1° cultivation) (Edwards and Grbi¢-Gali¢ 1994;
Duhamel et al. 2002). As such, strains in the KB-1° culture are
probably better adapted to highly reducing conditions, oxidative
stress by dissolved Fe** and the presence of reduced iron materials
on cell surfaces. For comparison, Ti(III) nitrilotriacetic acid was used
to induce sufficiently reducing conditions in the in-house cultures.

It is important to note again that the ATP assay provides only an
overall (unselective) activity of the bacterial community as a whole
rather than that of dechlorinating strains. A strain or process (gene)
specific quantitative polymerase chain reaction (qQPCR) approach
may be more suitable to track the presence and/or activity of
dechlorinating strains. Furthermore, spiking the mixed cultures
with TCE and lactate/methanol after exposure experiments and
monitoring for the evolution of biodegradation intermediates could
provide further insights into the resilience of the used cultures. So
far, no other study has evaluated the toxicity of nZVI and S-nZVI
towards the KB-1° culture. Summer et al. showed in a lysimeter
experiment that nZVI can stimulate biodegradation by this culture,
but no comparison between nZVI materials was made and no
adverse effects were investigated or noted (Summer et al. 2020).
Further comparison can be made with viability studies on other
dechlorinating cultures. In these, the focus was on the impacts of
nZVI towards the viability of Dehalococcoides strains, or cultures
containing it, by monitoring relevant gene copies via qPCR or
reductive dechlorination activity via degradation intermediates
(Xiu et al. 2010a, 2010b; Xu et al. 2014; Ronavari et al. 2016). A
strong decline in reductive dehalogenase genes within 48 hours (Xiu
et al. 2010b) and reductive dechlorination, as well as a decrease in
total Dehalococcoides numbers, were observed, from as low as
50-500 mg/L nZVI. High nZVI loadings (> 1000 mg/L) always
led to poor recovery of the culture’s dechlorination abilities unless
the materials were coated with protective polymers. In particular,
one study reported a 50% decrease in ATP viability when the culture
was exposed to 50 mg/L nZVT for 2 hours (Velimirovic et al. 2015).
Comparison to these studies highlights a significant resilience of
KB-1° towards nZVIand S-nZVI exposure given that, even at a high
nZVIloading of 1000 mg/L, we only observed a significant decrease
in ATP viability (< 80%) after 12 hours. This supports the use of the
KB-1° culture in combined abiotic-biotic treatments.

Summary and perspectives

In this study, two different S-nZVI materials were synthesized using
two commonly used sulfur sources of different oxidation numbers.
Sulfide (-II) treatment yielded more reduced S-nZVI shells that
were chemically and physically more homogeneous and provided
higher stability against anaerobic water corrosion. Dithionite (+III)
yielded more oxidized S-nZVI shells that were both chemically and
physically heterogeneous and left S-nZVI particles more prone to
anaerobic water corrosion. Accordingly, the two S-nZVI materials
exerted different degrees of toxicity towards the microbial cells
tested here. In some regards, the dithionite-based S-nZVT particles
showed a strong similarity to untreated nZVI, which is probably
related to the more oxidized shell nature.

S. MR-1 viability upon short-term exposure to nZVIand S-nZVI
materials showed that S. MR-1 viability is highest in the presence of
Na,S-nZVI, while Na,S,0,-nZVI and nZVI materials exhibited
generally higher and similar toxicity. Furthermore, the decrease
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in S. MR-1 viability was faster under aerobic compared to anaerobic
conditions, independent of tested nZVI and S-nZVI materials.

In longer time frame experiments (> 60 h) with two anaerobic,
reductively dechlorinating cultures, S-nZVI materials exhibited
lower toxicity than nZVI. The KB-1° culture exhibited a substan-
tially higher tolerance towards nZVI and Na,S-nZVI than the
in-house culture or previously investigated dechlorinating cultures.
This advantage is argued to stem from the presence of reduced iron
solids in the KB-1° culture medium. A significant reduction in
toxicity was only observed upon a 10-fold decrease in particle
loading from 1000 to 100 mg/L.

The study findings suggest that sulfidated nZVI, particularly
nZVI sulfidated with Na,S, will have an advantage over non-
sulfidated nZVI in combined abiotic—biotic treatment scenarios
as the inactivation of native or augmented cultures is reduced
during the first week of incubation. Thus, sulfidated nZVTI treat-
ment scenarios should allow for an earlier and more rapid recovery,
growth and enhanced biotic reductive dechlorination of the bac-
terial communities.

Supplementary material. The supplementary material for this article can be
found at https://doi.org/10.1180/gbi.2024.1.
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