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Abstract This mini-review summarizes the current informa-
tion that has been published on the various effects of nano-
scale zerovalent iron (nZVI) on microbial biota, with an em-
phasis on reports that highlight the positive aspects of its ap-
plication or its stimulatory effects on microbiota. By nature,
nZVlI is a highly reactive substance; thus, the possibility of
nZVI being toxic is commonly suspected. Accordingly, the
cytotoxicity of nZVI and the toxicity of nZVI-related products
have been detected by laboratory tests and documented in the
literature. However, there are numerous other published stud-
ies on its useful nature, which are usually skipped in reviews
that deal only with the phenomenon of toxicity. Therefore, the
objective of this article is to review both recent publications
reporting the toxic effects of nZVI on microbiota and studies
documenting the positive effects of nZVI on various environ-
mental remediation processes. Although cytotoxicity is an is-
sue of general importance and relevance, nZVI can reduce the
overall toxicity of a contaminated site, which ultimately re-
sults in the creation of better living conditions for the autoch-
thonous microflora. Moreover, nZVI changes the properties of
the site in a manner such that it can also be used as a tool in a
tailor-made approach to support a specific microbial commu-
nity for the decontamination of a particular polluted site.
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Introduction

Nano-materials started attracting research attention in recent
decades due to their unique chemical properties to which their
enhanced chemical reactivities could be attributed, which also
made these nano-scale materials increasingly useful for vari-
ous applications, including remediation technologies.
However, one of the main reasons that prompted their adop-
tion for remediation was the availability of a very limited
number of successful and effective remediation technologies
for recalcitrant harmful compounds, including persistent or-
ganic pollutants and toxic metals. In this context, nano-scale
zerovalent iron (nZVI) represents a prospective chemical
agent with applicability toward the aquatic phase, including
groundwater, and its effectivity against various types of pol-
lutants, including chlorinated compounds, pesticides, and
heavy metals, has been proven and documented in numerous
publications (Barrera-Diaz et al. 2012; Gomes et al. 2013;
Morrison et al. 2002). The typical mechanisms that are known
to be involved in the transformation of the pollutants by nZVI
are reduction, reductive dechlorination, adsorption or the for-
mation of msoluble ron oxides, with the inclusion of toxic
metals (Mitrano et al. 2015).

The oxidation of nZVT occurs naturally, under both aerobic
and anaerobic conditions, and the oxidizing agent, i.e., the
“counterpart™ for this redox system, could be either water,
oxygen, or the targeted pollutant. Through this process, the
whole nanoparticle, the majority of which is composed of
Fe(0), is gradually oxidized to soluble Fe** and Fe** ions.
Thereafter (or at the end of the process), the injected nZVI
could be detected as a partially or fully oxidized structure that
is generally composed of a Fe(0) core and an iron oxide shell.

The formation of the iron oxide species depends primarily
on the rate of redox reactions in the environment. For exam-
ple. whereas lepidocrocites and goethites are primarily formed
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under oxic conditions, the depletion of oxygen or the preva-
lence of an anoxic condition leads to the precipitation of iron
hydroxide like material known as “green rust.” Subsequently,
this iron hydroxide is further oxidized to produce magnetite,
the final product of oxidation (Kumar et al. 2014).

It is noteworthy that cytotoxic ions are released during the
initial phase of nZV1 oxidation but that these ions are subse-
quently oxidized into insoluble oxides and hydroperoxides of
iron on the surface of the nanoparticles. The Fe** ions thus
produced further participate in the generation of reactive ox-
ygen species (ROS). In the living cells, ferrous ions react with
H-05 (produced in mitochondria) to generate ROS via Fenton
chemistry (Sevcu et al. 2011). Therefore, it could be surmised
that the highly reductive Fe (0), together with radicals from
aqueous reactions, and its interaction with the ions present or
produced in the aquatic phase and the Fenton reactions could
comprise the two main mechanisms of a toxic effect of nZVI
(Lefevre et al. 2016; Jang et al. 2014). The set of possible
chemical reactions involved the in production of reactive ox-
ygen species and other related compounds are visualized in
Fig. 1.

Due to the manner in which nZVI is applied to the envi-
ronment, the resident microorganisms represent the main ex-
posed biota and are therefore optimally suited as an organis-
mal model for monitoring the adverse effects of nZVI. An
overview of the route of nZVI and its fate in the environment,
exposure and the main toxic properties are shown in Fig. 2.

Over the past several years, many authors have demonstrat-
ed that nZ VI can affect microbial species and could potentially
induce adverse/toxic effect(s). In this mini-review, we sum-
marize the recently published knowledge regarding the inter-
actions of nZVI with microorganisms, with special attention
to newly published articles that deal with using nZVI in bio-
remediation techniques. The aim of this article is not only to
review the recent publications expressing possible concern
about the ecotoxicity of nZVI but also to specifically review
other recent studies indicating the positive/stimulating effects
of nZVI on the ecotoxicity of contaminated sites due to its
remediation potential.

Fe'+ 2H:0 — Fe? ' + Ha + 20H™

2Fe” + 2H;0 + 05 — 2Fe + 40H™

4Fe™ + 4H" + 0; — 4Fe’" + 4H,0

Fe'+ 0, + 2H" — Fe*' + H,0;

Fe"+ Hy0, — Fe* + 20H™

Fe™ + Hy0, — Fe*' + OHe + OH™

Fe' + Hy0s — Fe' + OOH + H™ — Fe*' + 2H" + 204~
Fe*™ + H,0, — FeO,” + H,0

Fig. 1 Typical nZVI reactions and reactions related to nZV1 oxidation
products (Seveu et al. 2011; Auffan et al. 2008; El-Temsah and Joner
2013)
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Cytotoxicity and oxidative stress
to microorganisms—negative effects

There are many published articles that consider toxicity to
bacterial cultures, and they have been reviewed in detail
(see Lefevre et al. 2016; Jang et al. 2014 and references
therein). The other studies considered in this mini-review
are summarized in Table 1. Many authors have monitored
basic parameters, such as cell viability and integrity, in
more recent articles, but only a few studies have focused
on biochemical and molecular biological parameters, such
as the expression of specific genes (e.g., gwA, karB, nirS,
and narG by Fajardo et al. 2013). One of the main prob-
lems with studies in this field is that many or most of
them are performed at concentrations that are extremely
high and occasionally even higher than those used for
remediation applications (approximately 2 g/L in the
injected suspension; Némecek et al. 2014). It is notewor-
thy that a concentration of nZVI in the range of unit
grams per liter can only be found in the injection bore-
holes; due to the limited mobility and gradual consump-
tion of nZVI, the surrounding environment is exposed to
concentrations that are lower by at least an order of mag-
nitude. Laboratory experiments with a single bacterial cul-
ture can serve as a test for comparing various nano-mate-
rials, e.g., surface-modified nZVI derivatives; however, its
implication in the context of real environmental conditions
is limited. Moreover, even these single-strain tests should
focus on more specific parameters and responses related to
oxidative stress, which is the main cause of nZVI-
associated cytotoxicity.

In this light, a new and interesting study was published by
Ortega-Calvo et al. (2016), who observed behavioral differ-
ences in Pseudomonas putida GG7 as a response to exposure to
nZVI at environmentally relevant concentrations (1-10 pg/L).
It is possible that such an approach could be utilized as a new
test for evaluating stress related to low concentrations of nZVI
and similar materials. The importance of the effect of the nZVI
concentration was well demonstrated by Jiang et al. (2015),
who investigated the effect of nZVI on the growth of
Paracoccus sp. strain bio-denitrification under aerobic condi-
tions. In addition to other parameters, they found that a low
concentration of nZVI (50 mg/L) could promote the growth of
cells and the biodegradation of nitrate, which led the authors
to conclude that Fe(Il) served as an electron donor for the
reduction of nitrate in this situation. A much higher nZVI
concentration (1000 mg/L) causes toxicity toward the studied
strain, and the excess of Fe(lI) starts to participate in the ele-
vation of oxidative stress.

Dong et al. (2016) studied the effect of coating the surface
of nZVI (500 mg/L) with carboxymethylcellulose and its ef-
fect on the cytotoxicity of nZVI toward Escherichia coli. The
authors found that the observed levels of toxicity decreased
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Membrane disruption

Oxidative stress,
apoptosis and cell death

Fig. 2 Typical nZVI applications, fates, and toxicity effects on microbiota

with an increased organic coating, despite the bacterial strain
becoming increasingly exposed to nZVI, because the organic
coating helps the nano-material disperse better.

Chaithawiwat et al. (2016) tested oxidative stress concom-
itantly on the E. coli BW25113 strain and its mutants
possessing knock-outs of genes that are related to the natural
protection of cells against oxidative stress. Mutants lacking
the rpoS gene and genes encoding cytosolic superoxide
dismutases (sodA and sodB) were found to be more suscepti-
ble to nZV1 exposure. The authors proved that nZV1 induces
oxidative stress inside the cells via superoxide generation and
stated that inside the cell membrane, superoxide dismutase
contributes more to the protection of cells against nZVI] and
nZVI-related toxicity than catalase does.

Another piece of evidence, related to the involvement of
oxidative stress in the cytotoxicity of nZVI and its related
products, was provided by Chen et al. (2013). The authors
investigated the influence of nZVI (0.56 g/L), Fe’* (0.01 M)
and Fe®* (0.01 M) on two G+ (Bacillus subtilis and
Staphylococcus aureus) and two G— bacteria (Pseudomonas
fluorescens, E. coli). The bacterial inactivation was deter-
mined by the use of an agar plate CFU counting method,
and it revealed that Fe’* and Fe* had stronger inactivating
effects on all tested bacteria compared to nZVI itself. The
results also revealed that culturing and viability tests showed
stronger inactivating effects of Fe™* on G— bacteria, whereas
the effect of Fe’* was more pronounced on G+ species. The
authors also monitored the intracellular levels of ROS and
found that at lower nZVI and corresponding Fe** and Fe'*
levels, bacteria might regulate the iron content; however, at
higher levels, the ROS scavenging is also triggered. Although
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the abovementioned studies also represent laboratory tests
with an isolated and cultivable bacteria, taken together, these
results suggest that the phenomenon of toxicity should be
borne in mind and call for an approach to utilize a methodo-
logical scan to develop a standardized set of tests to measure
the toxicity of various types of nZV1 and possibly other nano-
materials. In this way, it is also possible to interpret the results
published by Ravikumar et al. (2016), who tested biologically
and chemically synthesized nZVI materials using five bacte-
rial isolates from a Cr(VI)-contaminated site. A decrease in the
cell viability and subsequent damage to the cell membrane
were observed in bacterial isolates after 24 h of exposure.
The bio-uptake of nZVI by the bacterial cells probably led to
the release of Fe”* ions and the generation of ROS. In a
recently published work, Ronavari et al. (2016) tested several
types of bare nZVI on an anaerobic community under labora-
tory conditions and detected certain differences in the com-
munity profiles; however, the diversity of the samples was
analyzed using only the denaturing gradient gel electrophore-
sis (DGGE) method. Using qPCR, the authors quantified sev-
eral specific genes representing Dehalococcoides, sulfate-
reducing bacteria, methanogenes, and genes related to
chlororespiration activity (verA, fceA). Although the data were
based only on duplicates, they indicated both positive and
negative shifts in the community during the incubation. In this
case, it is necessary to keep in mind that the application of
nZVI not only causes oxidative stress but also reacts with the
components of the cultivation medium used for the culture.
Another lab-scale, batch experiment, focusing on the effects
of nZVI and micro-scale zerovalent iron (mZVI), was pub-
lished by Velimirovic et al. 2015. These authors detected
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(Kocur et al. 2015)

qPCR

cVOC

+ increase in population of

1000 mg/L

21 days

Population of Dehalococcoides from  Customized CMC-nZ VI synthe-

Dehalococcoides immediately after

injection of nZVI
+ increase in population of

sized by borohydride precipita-

tion
Customized CMC-nZV1 synthe-

remediated site

(Kocur et al. 2016)

qPCR, 168 rRNA

cVOC

1000 mg/L

Over 2 years

Microbial community of

pyrosequencing

Dehalococcoindes and

Delalogenimonas

sized directly on site

contaminated site

50

negative effects on the bacterial consortia, mainly by measur-
ing the levels of ATP and several other biochemical parame-
ters, such as lactate consumption. The bacterial culture was
affected by nZVI at doses as low as 0.05 g/L, and very high
doses of 15-30 g/ of mZVI showed an inhibitory effect on
the bacterial community, which the authors tested as the
worst-case scenario during remediation application. The neg-
ative effects of ZVIs (H; and absence of lactate consumption)
also corresponded to an increase of pH above 7.5, related to
the dose-dependent corrosion of ZVI. Other, more recent lab-
oratory and cytotoxicity works related to this subject were
reviewed in detail by Lefevre et al. (2016).

Effects on microbial populations and processes

As mentioned above, low concentrations of nZVI can also
have considerable positive biotechnological effects on various
microorganisms. Padrova et al. (2015) tested several green
algae and cyanobacterial strains and found that a low concen-
tration of nZVI (5.1 mg/L) substantially enhanced lipid accu-
mulation, decreased the content of saturated and monounsat-
urated fatty acids, with the exception of palmitoleic acid, and
increased the content of polyunsaturated fatty acids in the cells
of all microorganism employed in the study. The authors sug-
gested that nZVI amendment could contribute to optimizing
the economical production of oils from oleaginous microor-
ganisms. Similarly, Padrova et al. (2016) found that oxidative
stress induced by nZVI could improve lipid accumulation in
various oleaginous and non-oleaginous yeasts, The highest
lipid production was observed at a dose range of 9-13 mg/L
of nZVI. The results indicated an increased synthesis of poly-
unsaturated fatty acids, especially essential linoleic acid,
which suggests that nZVI could also be used to improve the
nutritional value of biosynthesized unsaturated fatty acids.
Another promising strategy would be the support of anaerobic
fermentation processes, as shown by Luo et al. (2014). The
authors tested the effect of 5 g/L of nZVI on the fermentation
(hydrolysis and solubilization) process, and by using 454 py-
rosequencing, they observed an increase in the abundance of
bacteria responsible for hydrolysis of waste sludge and a gen-
eral increase in both the microbial activity of anaerobes and
the activities of their hydrolytic enzymes. The production of
short-chain fatty acids was also stimulated by the addition of
nZVI, and the time required for the fermentation of the max-
imal amount of short-chain fatty acids was shortened.
Suanon et al. (2016a) showed a positive effect of nZVI
(0.5 %) on the mesophilic anaerobic digestion of sludge.
The authors detected elevated biogas production and an
increased immobilization of both artificially added heavy
metal representatives and phosphorus in the digestate, which
was examined by sequential extraction. In another work,
Suanon et al. (2016b) recorded enhanced methane yields,
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which reached 25 and 40 % after the application of nZVI and
ZV1, respectively, during sludge anaerobic digestion.
However, the authors also observed a certain increase in the
removal of chlorinated pharmaceuticals and personal care
products from the sludge. Similarly, Wang et al. (2016) inves-
tigated the effects of four representative nanoparticles, includ-
ing nZVI, on methane production during the anaerobic diges-
tion of waste activated sludge. The authors found that low
nZVI doses (10 mg/kg) increased methane generation by
20 % and that the biomass of bacteria and archea increased
to a similar extent.

The typical problems associated with interpreting the ef-
fects of nZV1 on microbes and their communities were shown
by Cullen et al. (2011), who tested nZVI on general (dehydro-
genase and hydrolase) and specific (ammonia oxidation po-
tential) activities mediated by a microbial community in un-
contaminated soil. The authors showed that 10 mg/g of nZVI
suppressed the ammonia oxidation potential, stimulated dehy-
drogenase activity and had a negligible influence on the activ-
ity of hydrolases. However, using microbe-free controls, the
authors finally showed that although the inhibitory effects
were not caused by nZVI, the stimulation of dehydrogenase
activity was brought about by the addition of nZVI. The au-
thors concluded that under the experimental conditions, any
negative effect of nZVI1 on microbes could not be proven.
Similar non-negative effects of nZVI (0.1 g/L) on a bacterial
strain (Bacillus fusiformis) tested during the biodegradation of
phenol under aerobic conditions were recorded by Kuang
et al. (2013), who tested the influence at various pH levels
and observed growth stimulation and higher rates of biodeg-
radation in the presence of nZVI.

However, a typical situation when nZV1 is applied in situ to
a damaged environment was published in a work by Némecek
et al. (2014), which represents one of the few studies to de-
scribe the effect of nZVI on microbes in real environmental
conditions. The authors successfully remediated a site con-
taminated by highly toxic hexavalent chromium via reduction
and geofixation using an injection of nZVI. The nZVI injec-
tion removed Cr(VI) and the total Cr from groundwater, with-
out any substantial effect on its chemical properties, except for
a decrease in the redox potential. The system was monitored
using classical approaches such as ecotoxicological tests with
Vibrio fischeri and the cultivation of psychrophilic
autochtonous bacteria, neither of which yielded any reason-
able results or clear trends. In contrast, phospholipid fatty acid
analysis (PLFA), which serves as a direct non-cultivable meth-
od for estimating microbial biomass, revealed that the appli-
cation of nZVI did stimulate the growth of G+ bacteria and
principal component analysis indicated a correlation between
the number of bacteria and the concentration of Fe following
the nZVI application. The results of this study clearly docu-
ment that despite possible concerns about the ecotoxicity of
nZVI, its application improved ecotoxicological conditions
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and resulted in a positive effect on the autochthonous micro-
flora in the site due to the reduction of highly toxic Cr(VI);
further, the corresponding decrease in the redox potential
probably facilitated the natural development of the anaerobic
community.

Nano-bioremediation

Because nZVI is produced as a material for remediation, it is
consequentially logical to study the effect of nZVI on micro-
organisms during its action, i.e., the process of remediation.
Moreover, it is important to investigate whether nZVI can be
used sequentially with another bioremediation process due to
the possibility that this combination might alter and facilitate
the overall bioremediation process because the condition of
the contaminated site could change substantially after the ap-
plication of nZVL. Such a concept was proposed by Jeon et al.
(2013). Using more recently published studies, the authors
documented the possibilities of a sequential nZVI-
bioremediation process on either strongly recalcitrant (e.g.,
polychlorinated dibenzodioxins, polychlorinated biphenyls,
polybrominated diphenylethers) or toxic (antimicrobial) com-
pounds. The idea regarding recalcitrant compounds can be
exemplified by brominated flame retardants. This “novel”
concept of using bromine for halogenation and replacing chlo-
rine, which was used in the past, ultimately led to the produc-
tion of compounds that are seemingly less mobile and less
toxic. However, the problem associated with their biodegra-
dation in the environment is linked to the fact that they often
contain aromatic moieties that are substituted “xenophores”
that are somewhat larger than other substituents, which limits
the ability of the microbial intracellular transformation pro-
cesses to access these compounds and causes them to accu-
mulate in the environment (Ezechia$ et al. 2014). The prob-
lems arising from the halogenation-induced steric effects
could be solved by the use of nZVI, which is well known
for its effectiveness in the reductive dehalogenation of various
chlorinated organic pollutants that are generally more suscep-
tible to further microbial transformations (Cundy et al. 2008).
In contrast, less halogenated derivatives also present cerfain
concerns regarding the possibility of an elevation in its toxic-
ity; therefore, further biodegradation is a desirable process.
Another concem is the fact that some of'the contaminated sites
are often highly toxic to biodegrading microorganisms, and
the conditions (e.g., redox potential) prevailing in the contam-
inated areas do not allow the growth or development of an
active microbial population.

Jagadevan et al. (2012) published an article regarding the
nZVI treatment of exhausted metal working fluid, which is a
very complex and problematic mixture of toxic organic bio-
cides that are added specifically to suppress the bio-
deterioration of these liquids. The authors applied an
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nZVl/peroxide system to oxygenated wastewater, which re-
sulted in the oxidation of the organic compounds. The process
led to a substantial reduction in the toxicity and enabled the
authors to perform a second biological oxidative step in a
bioreactor via bioaugmentation by a bacterial consortium.
Yu et al. (2015) used an opposite biodegradation and
nZVI/Fenton reaction-based approach to increase the effec-
tiveness of naphthalene degradation. The authors used a bac-
terial strain, B. fusiformis; however, the strain only partially
converted the applied pollutant into transformation products,
which were further decomposed using a Fenton-like oxidation
process.

Another case-specific work describing a combination of
nZV1/Pd reductive dechlorination and an acrobic bacterial
strain Burkholderia xenovorans LB400 was recently pub-
lished by Le et al. (2015). The authors performed a laboratory
study with Aroclor 1248 when dechlorination reached 99, 92,
84, and 28 % of tri-, tetra-, penta-, and hexachlorinated biphe-
nyls, respectively. The applied bacterium degraded the
resulting metabolite biphenyl. The process was monitored in
terms of the toxicity of the samples using another bacterial
species, E. coli. A general decrease in the toxicity was record-
ed, as documented by the lowered activity of glutathione
peroxidase and the lowered concentration of ROS.

Reductive dehalogenation using nZVI and ZV1, followed
by anaerobic bacterial treatment, was studied by Xu et al.
(2014) in a laboratory experiment that demonstrated the suit-
ability of combining nZVI and microbial debromination. The
authors investigated the effect of iron material on the
Dehaloccocoides species, which is capable of utilizing less
brominated derivatives of brominated diphenyl ethers, and
detected an inhibition of the strain that occurs at an nZVI
concentration higher than 0.25 g/L. The authors applied
nZVI or micro-ZVI together with the strain and BDE-209,
and the results indicated that the application of nZVI resulted
in a partial reductive debromination followed by bacterial re-
ductive dehalogenation.

Similar outcomes were published by Huang et al. (2016),
who studied the effect of nZVI on the removal of BDE-47 by
Pseudomonas stutzeri. Concentrations higher than 0.5 g/L of
nZ V1 had an inhibitory effect on the bacterial strain; however,
the amounts equal to this value were not toxic, and the authors
even detected a slight improvement in the degradation by the
bacteria.

Another combination of nZVI with chlorespiring bacteria
was published by Koenig et al. (2016). The dechlorination
study of 1,2-dichloroethane (DCA) and 1,1.2-trichloroethane
(TCA) showed that 1 g/L. of nZVi is capable of transforming
only TCA, whereas the anaerobic bacterial consortium from a
real contaminated site was able to transform both the pollut-
ants to ethane. As mentioned above, the authors tested com-
binations of various nZVI doses on the bacterial community,
and by using the CFU calculation, they found that nZVI
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concentrations of 0.1 g/L and higher had a negative impact
on both the viability of the bacteria and the effectiveness of
dechlorination. Doses below this limit could stimulate the ac-
tivity of the bacterial consortium.

The fact that nZVI can potentially facilitate microbial
growth by reducing the toxicity of a contaminated site was
examined by Némecek et al. (2015). The authors applied
nZVI to a site that was contaminated by Cr(VI1). After an
initial reduction in toxicity, the partial removal of chromium
from the ground water and a drop in redox potential, the au-
thors noted that anaerobic microbiota were present in the en-
vironment, with the injection of whey into the ground water.
The application of the organic substrate promoted a biotic
reduction of Cr(VI), which resulted in a further and long-
term decrease in the Cr(VI) content of the groundwater. The
effect of biotic reduction was observed even in a monitoring
well located 22 m from the substrate injection wells after
10 months. The results indicated a reciprocal effect on both
phases: the nZVI that oxidized to Fe(Ill) during the abiotic
phase was reduced back to Fe(I) by microbes and acted as a
reducing agent for Cr(VI), even when the microbial density
was already low due to the consumption of the substrate. A
massive development of the anaerobic biomass was docu-
mented by PLFA analysis. Community analysis with pyrose-
quencing of the 168 ribosomal RNA (rRNA) genes further
confirmed the partial recycling of nZVI into the form of
Fe(II), and the results showed that the Cr(VI) reduction pro-
cess was probably mediated not only by Cr(VI)-reducing bac-
teria but also by the iron- and sulfate-reducing bacteria. Using
this approach, the authors showed that the application of nZVI1
in combination with microbially mediated reduction can be an
efficient approach for remediation under the specific condi-
tions prevailing in that site.

In another study, the authors (Némecek et al. 2016)
experimented on an even more complex situation in situ using
a similar approach. The sequential application of nZVI and
whey was used at a site that was highly contammated with
Cr(VI) and chlorinated ethylenes. The authors monitored the
process using numerous methods, including physical-chemi-
cal analyses and molecular biological approaches, which en-
abled the characterization of both the pollutants and their
transformation products as well as the mechanisms involved
in the process. Additionally, in this case, the applied nZV] was
very efficient in the removal of Cr(VI); however, its removal
efficiency of chlorinated ethylenes was limited. In contrast,
the injection of whey immediately resulted in the classical
and gradual dechlorination of the main pollutant (i.e., trichlo-
roethylene) to non-chlorinated structures. The resulting com-
munity was characterized by the use of Illumina sequencing,
and the course of vinylchloride reductive genes (vcrA and
bveA) was monitored by qPCR that corresponded to the ap-
pearance and subsequent decline of vinylchloride. These re-
sults, together with Illumina sequencing and specific detection
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using PCR, indicated the presence of an active community of
chlororespiring Dehalococcoides in both the monitoring wells
(distant from injection) and the injection wells. Similar to the
previous study, the subsequent application of whey assisted
the microbial regeneration of spent nZVI by promoting its
reduction into Fe(Il), which further supported the remediation
conditions at the site toward Cr(VI). However, the results also
documented that the application of nZV1 and its related prod-
ucts (Fe(Il), in both the dissolved and solid forms indicated in
green rust) did not suppress the chlororespiring community,
which is in contradiction to the data published by other au-
thors ( Xiu et al. 2009, 2010).

Kocur et al. (2015) investigated whether carboxymethyl
cellulose stabilized nZV1 effects on chlororespiring bacteria
at a field site contaminated with chlorinated ethenes and eth-
anes. The nZVI injection successfully transformed the studied
chlorinated ethanes to less chlorinated representatives, and the
authors showed that the abiotic transformation period was
followed by a period with increased chlororespiring organism
activity. Surprisingly, the abundance of Dehalococcoides spp.
increased immediately after the injection by an order of mag-
nitude throughout the area that was influenced by nZVL

In another work, the same group of authors monitored the
same site for a substantially longer period of 2 years. Apart
from the transformation of the chlorinated pollutants, the au-
thors focused on the response of Dehalococcoides to the mod-
ified nZVI1 material, vinyl chloride reductase (verA) genes and
generally to shifts in the microbial community. The study
showed that the abundance of dechlorinating genera
Dehalococcoides and Dehalogenimonas increased after
nZVI application when carboxymethyl cellulose served as
an organic substrate. The process was also followed by the
significant removal of chlorinated ethylenes (Kocur et al.
2016).

Conclusion and perspectives

Numerous articles on nZVI have been published over the last
decade expressing concern regarding its possible use in reme-
diation. However, many studies have also been published
documenting the feasibility of applying this new technology
for the decontamination of sites polluted with various organic
and inorganic pollutants. There are instances of many chemi-
cal substances of anthropogenic origin, which were intro-
duced into the environment in the past and were later found
to be toxic toward the biota in specific ways that had not been
expected and could not be predicted at the time of its intro-
duction. Therefore, a certain amount of concern regarding the
use of a new nano-scale substance is reasonable. However,
from this point of view, it is necessary to emphasize that there
is still a lack of a suitable, comprehensive, and standardized
set of tests for the ecotoxicological evaluation of novel nano-
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materials, and further research in this direction is needed. In
this regard, the situation related to nZV1 is unique because it is
predominantly designed for use in highly damaged environ-
ments; therefore, the risk associated with its possible harmful
effects on the biota is already limited in these sites. nZV1 is, by
nature, a reactive substance, and its toxic properties are linked
to this reactivity and its ability to produce ROS. However, in
this case, its toxic effects are physically restricted to the area
surrounding its application. It is necessary to bear in mind that
nZ VI itself is further transformed into non-toxic iron oxides.
Moreover, as evident from the studies described herein, nZV1
can influence the environmental parameters, thus stimulating
the microbiota; such a tailor-made approach was documented
by a substantial decrease in redox potential at a site that facil-
itated the activity of anaerobic microflora that were capable of
the “natural™ transformation of pollutants. Thus, the potential
environmental hazards associated with the application of
nZVI should not be overestimated, but most importantly, the
message of this mini-review emphasizes the need to conduct
further studies on the mechanism of nZVI toxicity/stimulation
and remediation under real environmental conditions.
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ABSTRACT

Nano-scale zero-valent iron (nZVI) began attracting research attention in remediation practice in recent
decades as a prospective nanomaterial applicable to various contaminated matrices. Despite concerns
about the negative effects of nanomaterials on ecosystems, the number of reliable toxicity tests is limited.
We have developed a test based on the evaluation of oxidative stress (0S). The test employed the analysis
of a typical OS marker (malondialdehyde, MDA), after exposure of six bacterial strains to the tested
nanomaterial. We also attempted to use other OS and cell membrane damage assays, including the
determination of glutathione and lactate dehydrogenase, respectively. However, we found that the
components of these assays interfered with nZVI; therefore, these tests were not applicable. The MDA
assay was tested using nZVI1 and three newly engineered oxide shell nZVI materials with different oxide
thicknesses. Six different bacterial species were employed, and the results showed that the test was fully
applicable for the concentrations of nanomaterials used in remediation practice (0.1—-10 g/L). MDA was
produced in a dose-response manner, and the bacteria showed a similar response toward pure pyro-
phoric nZVI, reaching ECsg values of 0.3—1.1 g/L. We observed different responses in the absolute pro-
duction of MDA; however, the MDA concentrations were correlated with the cell membrane surfaces of
the individual strains (R > 0.75; P < 0.09). Additionally, the ECsy values correlated with the thickness of
the oxide shells (except for Escherichia coli: R > 0.95; P < 0.05), documenting the reliability of the assay,
where reactivity was confirmed to be an important factor for reactive oxygen species production.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

commingled plumes containing different pollutants (Nemecek
et al, 2016). Typical concentrations of nZVI range from 0.1 to

Nanoscale zero-valent iron (nZVI) represents a highly reactive
material that was invented for remediation purposes to clean up
polluted areas in situ (Li et al., 2006; Tratnyek and Johnson, 2006).
The applicability of nZVI toward the aquatic phase, including
groundwater, and its effectivity against various types of pollutants,
including chlorinated compounds, pesticides, and heavy metals,
has been documented in numerous publications (Mueller et al.,
2012; Nemecek et al, 2014, 2015), even in the case of

* Corresponding author. Institute of Microbiology, Czech Academy of Sciences,
v.vi., Prague 4, Czech Republic.
E-mail address: cajthaml@biomed.cas.cz (T. Cajthaml).

https:[/doi.org/10.1016/j.chemosphere.2018.09.029
0045-6535/@ 2018 Elsevier Ltd. All rights reserved.

10 g/L (in some cases up to 50.0 g/L) (Grieger et al., 2010). To date,
many studies have also focused on the development of surface-
modified nZVI to improve the remediation properties, including
altered mobility, reactivity and possible combination with biore-
mediation mechanisms (McPherson et al,, 2013; Yan et al., 2010).
Due to the increasing number of nanomaterial applications, the
ecotoxicity and toxicity of engineered nanoparticles have been a
subject of many studies; however, there are certain concerns about
their negative effect on soil ecosystems, and the toxic effects of nZVI
(especially at higher doses mimicking the real concentration) have
not been well described (Lefere et al., 2016; Dong et al., 2016;
Semerad and Cajthaml, 2016; Ye et al., 2017). One of the possible
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reasons is the certain specificity of nanomaterials in manipulation
and their bioavailability, which very often precludes the use of
classical standardized ecotoxicity tests. In contrast, it is known that
(engineered) nanoparticles produce reactive oxygen species (ROS)
as one of their main toxic effects, and possible mechanisms of their
formation have been described in many publications (Xia et al.,
2006, 2008). In the case of imbalanced ROS metabolism, an unde-
sirable state called oxidative stress (0S) is established (Sies, 1997).
Additionally, the toxic properties of nZVI are linked to its reactivity
and primary ability to produce ROS. The results of several studies
have documented an increase in ROS levels in nZVI-exposed bac-
terial cultures (Lv et al,, 2017; Le et al, 2015; Chen et al, 2013;
Ravikumar et al, 2016; Kim et al.,, 2010). Additionally, the over-
expression of specific genes (e.g., sodA, sodB and catB) indicates that
nZVI exposure causes oxidative stress in bacterial cultures (Fajardo
et al.,, 2013; Sacca et al,, 2014). In other studies, the authors have
described a higher toxicity toward genetically modified bacteria
lacking genes for the OS defense mechanism (rposS, katG, katE, sodA,
sodB and sodC) corresponding to the involvement of OS as the main
nZVl toxicity factor toward bacteria (IKKeenan et al, 2009;
Chaithawiwat et al., 2016). The overproduction of tryptophanase
associated with the OS response published in the work by Sacca
et al. (2014) also support this suggestion. Possible OS mechanisms
induced by nZVI have been reviewed, but a deeper and detailed
evaluation of OS caused by nZVI using microorganisms is lacking
(Sevcu et al., 2011).

In this study, two markers of OS, namely, glutathione (GSH) and
malondialdehyde (MDA), as well as one marker of membrane
integrity, lactate dehydrogenase (LDH), were monitored after nZVI
exposure to several various bacterial species. These three markers
are routinely used to evaluate toxicity and OS induced by other
nanoparticles (Kumar et al., 2011; Xiong et al., 2011). Tripeptide
glutathione is used to monitor the state of antioxidant defense, and
the ratio of reduced glutathione (GSH) to its oxidized dimer (GSSG)
is frequently used as a marker of OS. The intracellular enzyme LDH
is a marker of membrane damage. In the case of membrane
disruption, enzyme leakage is determined. Another OS marker,
MDA, is widely used to monitor and evaluate lipid peroxidation.
MDA, a toxic and mutagenic product of fatty acid degradation, is
typically detected as a colored complex with thiobarbituric acid
using a UV/|VIS or fluorescence spectrophotometer (Kumar et al,
2011; Kil et al., 2014). Although this is a common colorimetric
assay (usually called TBA-reactive substances test - TBARS test), a
lack of sensitivity and specificity is the main limitation of the test
(Liu et al., 1997). TBA reacts with a whole range of compounds, and
a chromatography separation step is essential to achieve repro-
ducible and reliable results (Grotto et al,, 2009). For the separation
and quantification of MDA from biological samples (cells in culture,
blood tissue), RP-HPLC-FL methods are frequently used (Domijan
et al., 2015).

The main purpose of this study was to investigate the possible
use of various common bacterial species to develop a simple pro-
tocol and to optimize an assay based on OS that would be applicable
for the toxicity determination of pure newly developed nano-
materials based on nZVI. A secondary objective was to compare the
short-term toxicity of pure nZVI and three core-shell nZVI-derived
nanomaterials to evaluate the reliability and feasibility of the assay
using core-shell materials with reduced reactivity.

2. Materials and methods
2.1. Chemicals and assays

Na;B407; - 10 H0, dithiothreitol, o-phthalaldehyde, LDH kit
TOX7, 2-thiobarbituric acid (TBA), trichloracetic acid, Hoechst
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33258 and 1-butanol were obtained from Sigma-Aldrich (Stein-
heim, Germany). The standard solution of LDH from bovine heart,
Hoechst 33258, and reduced and oxidized glutathione were pur-
chased also from Sigma-Aldrich (Steinheim, Germany). Methanol
(absolute LC-MS) was purchased from Biosolve (Valkenswaard,
Nederland). Nutrient Broth w/1% peptone and nutrient Agar No. 2
were obtained from Himedia (Mumbai, India). NaHCO5 and Na>COs3
were obtained from Chemapol (Prague, Czech Republic). HCl 35%,
Na;HPO4 - 12 H,0 and NaH;P0O4 - 2 H,0 were purchased from
Lachner (Prague, Czech Republic). H3BO3 was from HiChem (Pra-
gue, Czech Republic). Absolute counting beads for flow cytometry
(CountBright) were obtained from Thermo Fisher Scientific (Pra-
gue, Czech Republic).

2.2. Nanomaterial synthesis and characterization

Pyrophoric NANOFER 25P particles (nZVI; purchased from
NANO IRON Company, Rajhrad, Czech Republic) were synthesized
by thermal reduction of the iron oxide precursor according to a
previously described procedure (Zboril et al., 2012; Filip et al,
2014). An oxide shell of variable thickness, passivating the nZVI
particles, was prepared by controlled nZVI oxidation under variable
temperature conditions and duration (see Table 1 and Results and
discussion section) (Iaslik et al., 2018).

2.3. Preparation of the nanoparticle suspension

Air-stable nanoparticles based on nZVI (A, B, and C) were
weighed (0.1; 0.5; 1.0; 2.0; 3.0; 5.0; 10.0; 20.0; 50.0 and 100.0 mg)
in Eppendorf tubes and then mixed with 100 pL of MilliQ water.
Pure pyrophoric nZVI stock solutions were weighed under a ni-
trogen atmosphere in a glove box (Jacomex, Dagneux, France) and
mixed with MilliQ water immediately before the assay. The stock
solutions were prepared at tenfold higher concentrations than the
finally tested concentrations. The solutions were immediately used
(within a few minutes) for exposition to the bacterial cultures.

2.4. Cultivation and preparation of bacteria

Escherichia coli (strain CCM 3988), Bacillus subtilis (strain CCM
1999), and Serratia marcescens (strain CCM 303) were obtained
from the Czech Collection of Microorganisms (CCM, Brno, Czech
Republic). Bacillus cereus (strain DBM 3035), Staphylococcus epi-
dermidis (strain DBM 3072) and Enterobacter cloacae (strain DBM
3126) were obtained from the Collection of Yeasts and Industrial
Microorganisms (DBM, Prague, Czech Republic). All the bacterial
strains were cultivated at 37 °C using the following protocol. First,
the bacterial culture was cultivated on bacterial agar plates, and
then one colony forming unit was used to inoculate 50mL of
nutrient broth prepared according to the supplier's instructions.
After 24 h of cultivation, the bacterial suspension was centrifuged
for 10 min at 5000 x g, the supernatant was removed, and the
pellet was resuspended in 5 mL of 2 mM bicarbonate buffer (pH 8).
The final concentration in the stock suspension used for following
experiments was 10°-10'" bacteria/mL.

Table 1
Conditions of nZV1 passivation of NANOFER 25P.

Sample Conditions of passivation
Temperature (*C) Duration (min) Atmosphere
A 20 150 Nz + air (—0.03 bar)
B 130 240 98% Ny + 2% 0, (0.5 bar)
C 165 240 98% N + 2% 0, (0.5 bar)
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2.5. Exposure of bacteria to nanoparticles

A series of nZVI concentrations was tested: 0.1, 0.5, 1.0, 2.0, 3.0,
5.0, 10.0, 20.0, 50.0, and 100.0g/L, when 100 pL of the tenfold
concentrated nanoparticle stock suspension was mixed with 900 uL
of the respective bacterial suspension to reach the final exposure
volume of 1 mL. Exposure of the bacterial cultures to nanoparticles
was then carried out in triplicate at 37 °C for 1 or 3 h. The samples
were incubated on a reciprocal shaker at 150 RPM to achieve ho-
mogeneity of the suspension and to facilitate direct contact of the
bacteria with the nanoparticles to prevent sedimentation. For each
exposition, the cell concentration in the bacterial suspension was
determined before the experiment using flow cytometry according
to the following protocol.

2.6. Flow cytometry and confocal microscopy

Before analysis by flow cytometry, bacterial cultures in bicar-
bonate buffer were fixed and then diluted. With respect to the cell
wall structure, the bacterial suspensions of Gram-positive bacteria
and Gram-negative bacteria were fixed for 15 min using methanol
and 99.5% ethanol (1:1, V:V) because this mixture provided the best
results compared with pure methanol, ethanol, formaldehyde and
various other mixtures. The fixed cultures were diluted 1000x in
phosphate-buffered saline (PBS). Thereafter, 20 uL of Hoechst
33258 stain (10 pg/mL) was added to 180 pL of the diluted cultures
in PBS. Next, 100 puL of the resulting solution was mixed with 10 pL
of 10,000/uL of counting beads and then analyzed using the BD LSR
Il flow cytometer (BD Biosciences, San Jose, CA, USA). The settings
for the forward scatter, side scatter and Hoechst fluorescence were
adjusted according to each bacterial strain, thresholded by the
Hoechst fluorescence, to measure only the stained events. When a
clear population of Hoechst-stained bacteria and green fluorescent
beads were obtained, the experimental samples were analyzed, and
the bacterial counts were calculated based on the number of
collected beads per sample. For microscopic observation, a confocal
microscope Olympus FV1000 TIRF (Olympus, Prague, Czech Re-
public) was used.

2.7. Determination and quantification of malondialdehyde by
HPLC-FLD

MDA was determined by HPLC using the derivatized MDA-TBA;
form to facilitate sensitive fluorescence detection. The analyte
concentration was estimated using a protocol previously described
by Kumar et al. (2011) with several modifications (extraction of the
MDA-TBA; complex, HPLC separation, and fluorescence detection).
After exposure to the nZVI materials, 500 uL of the sample was
mixed with 1 mL of 10% trichloracetic acid and left for 10 min at
25°C. The suspension was centrifuged at 12000 g for 40 min, and
then 1 mL of the supernatant was mixed with a mixture (2 mL)
consisting of 0.67% TBA in 0.1 M HCl. The resulting solution was
heated to 90°C for 25 min in a water bath. Thereafter, the reaction
with TBA was stopped by cooling the samples on ice. The complex
MDA-TBA; was extracted using 1-butanol (1:1; v:v). The extracts
were diluted two times with methanol and analyzed by HPLC/FLD.

An Alliance Waters HPLC system (Prague, Czech Republic)
equipped with a fluorescence detector was employed, and the data
were processed using Empower software. Separation of the MDA-
TBA; complex was carried out on a reversed-phase column Waters
Nova-Pak C18 4 um 3.9 x 150 mm cartridge equipped with a C18
precolumn. The column temperature was maintained at 30 °Cand a
flow rate of 1 mL/min. Next, 60 pL of each sample solution was
injected into the HPLC system. An isocratic HPLC program was
employed consisting of 80% phosphate buffer (10 mM; pH 7;

filtered through a 0.22 pm filter) and 20% methanol (HPLC grade).
The excitation and emission wavelengths were set at 532 nm and
551 nm, respectively.

Due to MDA reactivity and instability, the MDA standard for the
calibration stock solution was prepared by a chemical reaction
from 1,1,3,3-tetramethoxypropane.  500uL  of  11,3,3-
tetramethoxypropane and 100pL of 1M HCl were added to
99.4 mL of MilliQ water, and the solution was mixed and heated at
50°C for 60 min in a water bath according to an acid hydrolysis
method by Csallany et al. (1984). The MDA stock solution (30 mM)
was then cooled to laboratory temperature and stored at 4 °C for
less than 2 weeks (stability tested). The calibration standard solu-
tions (ranging from 0.1 mM to 10 mM) were prepared fresh daily by
dilution with MilliQ water.

2.8. Determination of lactate dehydrogenase

The amount of LDH leakage after cell membrane disruption was
measured using an LDH kit (LDH kit TOX7) according to the man-
ufacturer's protocol. The absorbance of the colored product was
measured at 490 and 690 nm using the Infinite PRO multi-well
plate spectrometer (Tecan, Mannedorf, Switzerland). LDH from
the bovine heart was used as the standard for calibration and other
experiments, including the reactivity and stability of LDH.

2.9. Determination of glutathione by HPLC-FLD

The GSH concentration was determined after derivatization
with o-phthalaldehyde as previously described by Gawlik et al.
(2014) using another HPLC-FLD method. GSSG was reduced by
dithiothreitol, and the resulting GSH was determined using the
same HPLC method. The HPLC instrument was used as described
above for MDA; however, the employed gradient program for GSH
was different. The gradient conditions were as follows (min, %A): 0,
5; 3, 5; 5, 100; 8, 100. The duration of the analysis was 8 min, and
the flow rate was 0.8 mL/min. The mobile phases were also the
same as described above except for the molarity of the buffer. In
this case, 20 mM phosphate buffer (pH 7) was used.

2.10. Data analysis and presentation

The determined amount of MDA by HPLC-FLD was related to
several of the exposed bacterial cells, which were counted using the
flow cytometry method prior to exposure. The final results were
then expressed as the concentration of MDA normalized to 107 of
bacteria. The amounts of MDA produced by control cultivations
without nZVI materials reached a maximum of 4.9%, and the
respective concentrations detected in the individual strains were
subtracted from the results.

For the graphic presentation of the results, correlation analysis
and dose-response curve modeling, OriginPro 8.5 software was
used, and the ECsp values were calculated via sigmoidal fitting
using the same software. ECsg-corrected Values were calculated for
the oxide shell materials using nZVI as the reference material (see
the Results and discussion section) with respect to the maxima of
the individual dose-response curves. The calculation was carried
out according to Ezechias and Cajthaml (2018) using the following
formula:

ECs0-corrected = ECs0 x MAXpzyi/MAX

where ECsg is the original value of a material obtained from the
respective dose response curve, MAXyzyi is the maximum response
reached by nZVI under the same conditions, and MAX is the
maximum value reached by the respective oxide shell material.
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3. Results and discussion

3.1. Properties of the tested nanomaterials
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Adopting the nanomaterial preparation procedure (Zboril et al.,
2012; Kaslik et al,, 2018; see 2.2. section), the particle diameter
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remained constant (i.e., 72 nm with variations within experimental
error; see Fig. 1) with the oxide shell thickness as the only variable:
sample A=3.8nm (this material is identical to commercially
available NANOFER STAR from NANO IRON Company, Czech Re-
public), sample B = 7.9 nm and sample C = 14.8 nm (see Fig. 1). The
phase composition of all nZVI samples was rather similar: «-Fe

p=71L8 + 1.6 nm

20 40 60 80 100 120 140 160 180
Particle size (nm)

A
p=38+0.1 nm

8 12 16 20 24 28
Layer thickness (nm)

m B

p=79+0.3 nm

12 16 20 24 28
Layer thickness (nm)

EmC
p=148+0.2 nm

8 12 16 20 24
Layer thickness (nm)

Fig. 1. TEM images and distribution of the oxide shell of the tested nanomaterial.
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(>90 wt% for pyrophoric nZVI, 89 wt% for sample A, 84 wt% for
sample B and 68 wt% for sample C), FeO/Fe304 as artifacts of the
nZVI preparation, while the same phases (but significantly more
nanocrystalline according to the respective XRD patterns; Fig. S1 in
Supporting information) appeared more pronounced along with
the increased oxide shell thickness. The specific surface area (as)
was close to 17 m?/g for all samples, with variations within the
experimental error of measurement by the physisorption of N». The
zeta potential of the tested nanoparticles was measured using dy-
namic/electrophoretic light at a concentration of 0.4g/L. The
recorded values of the Zeta potential were —22.90, —18.30, —18.00,
and —3.77 mV for nZVI, A, B and C, respectively.

3.2. Membrane damage — LDH

Bacterial membrane damage after exposure to nZVI (0.1, 0.5 and
1.0 g/L) was monitored via the determination of leaked LDH from
the intracellular space. In preliminary experiments in which the
culture of E. coli was exposed to nanoparticles for 1 h, we noted that
the entire nZVI concentration range caused lower production of
LDH than the respective bacterial control without nZVI. In fact, the
concentrations of LDH showed an inverse proportion to the nZVI
concentrations. The data are shown in Supplementary Table 1. The
drop in concentrations of LDH with increasing concentrations of
nZVI suggested that the nanoparticles negatively affected enzyme
activity. To test this hypothesis, a standard solution of purified LDH
(500 mU/mL) in 2 mM bicarbonate buffer (pH 8.0) was exposed to
the lowest tested concentration of nZVI. The results showed a
decrease in enzymatic activity by 79% even at a dose of 0.1 g/L of
nZVI, confirming the hypothesis of LDH-nanomaterial interference
(Supplementary Table 2).

Inhibition of purified LDH by the various types of nanoparticles
(Si, Au, Cd, Se) with surface modifications has already been
described by Maccormack et al. (2012). The authors also warned
about possible interference using this standard test. However, to
our knowledge, LDH inhibition by nZVI has not yet been described.
The interaction documented in this study suggests that this assay is
not applicable for the evaluation of toxicity induced by the real
concentrations of nZVI used in remediation practice. Nevertheless,
in several studies, the authors used LDH assays for toxicity evalu-
ation of various types of nZVI (Keenan et al., 2009; Nadagouda et al,,
2010; Wu et al,, 2013). For example, Keenan et al. (2009) tested very
low concentrations of nZVI (up to 11 mg/L), where the interference
does not need to be significant.

3.3. State of antioxidant defense — glutathione

Based on our previous results from the LDH assay, we performed
a stability test. A standard solution of GSH (9 pmol/L) was exposed
to nZVI (1 g/L) for various time periods. After 10 and 20 min of
exposure to nZVI, we observed the transformation of GSH. To
evaluate the stoichiometry of the GSH transformation to GSSG, we
converted the created GSSG via consequent reduction by dithio-
threitol to release GSH. We found that we recovered only 61.4 and
62.9% of the GSH after 10 and 20 min of nZVI exposure, respectively.
These results document that, in the presence of iron nanoparticles,
the GSH monomer was transformed nonstoichiometrically to its
oxidized dimer GSSG and to an unknown product (Supplementary
Table 3). The transformation of one of the main cellular antioxidant
documents that nZVI can induce an oxidative stress response.
However, the results clearly show that this assay is also inapplicable
for toxicity evaluations of nZVI materials.

A possible explanation for the negative results after the appli-
cation of the GSH assay is the instant GSH oxidation by the reactive
products originating from nZVI. The basic reaction of nZVI is the

oxidation of Fe?. In water, Fe” is oxidized to Fe?" by the dissolved
oxygen (can be further oxidized to Fe**) during the simultaneous
formation of ROS (e.g., OH- and OOH- ) (Sevcu et al., 2011). Through
a single electron transfer or hydrogen transfer, ROS can react with
GSH, forming a GSH radical (i.e.,, GSH-" or GSH(-H)-) (Galano and
Alvarez-ldaboy, 2011). Two GSH radical species can further form
the oxidized dimer GSSG (Franco et al.,, 2007). Another possibility
for the dimer formation is the reduction of Fe3* by GSH to Fe2*, This
nonenzymatic reduction of Fe*" to Fe?" by GSH is described as the
retransformation of methemoglobin to hemoglobin in erythrocytes
(Mansouri, 1985) Nonquantitative transformation of the GSH
standard to GSSG in the presence of nZVI is probably caused by the
high reactivity or sorption ability of Fe?, By testing the real reme-
diation concentrations of nZVI (up to grams per liter), GSH is
transformed (or adsorbed) in a short time (<10 min); therefore, it is
impossible to monitor the state of oxidative defense (i.e., OS) using
this assay.

There is still a lack of suitable, comprehensive, and standardized
tests for the ecotoxicological evaluation of novel nanomaterials.
The toxic properties of nZVI materials are linked to their reactivity
and mainly to their ability to produce ROS (Semerad and Cajthaml,
2016). However, most of the commonly used in vitro assays for the
evaluation of OS have been designed for conventional organic and
inorganic compounds. Because of the need to monitor possible
undesirable effects of nanoparticles, the standard tests were
adapted for this purpose (Hund-Rinke et al, 2016). However,
regarding the diversity of nanoparticles and their chemical
behavior, some of the tests interfere with optical method readouts
or assay components (Tournebize et al., 2013). The inapplicability of
two routinely used OS/toxicity tests in the case of nZVI-based
materials was documented and explained in this study. The
determination of LDH and the GSH/GSSG ratio both failed in tests of
real applied concentrations of nZVI for remediation purposes
(Supplementary Table 1-3).

3.4. Lipid peroxidation — malondialdehyde

Regarding our previous finding, the stability of MDA was tested
at five concentrations (from 0.03 to 3 mM) of MDA standard solu-
tions using exposure to all types of the studied nanomaterials at
several concentrations up to 10 g/L for 3 h. In all cases, the recovery
was greater than 90%. Three hours of exposure of the 6 bacterial
species to the nZVI-based nanomaterials showed a dose-dependent
increase in the formation of MDA (Fig. 2). The dose-dependent
curves were observed for all the bacteria and tested nano-
materials. The ECsg values were calculated via sigmoidal fitting, and
the results are shown in Fig. 3A. nZVI without the oxide shell
generally exhibited the lowest ECsg and highest maximum re-
sponses using all the tested bacterial strains. In contrast, the highest
ECsp showed nanomaterials with a thicker oxide shell (9 nm and
12 nm). The ECsp values of both nanomaterials (B and C) were
similar; however, the maximum response differed and strictly fol-
lowed the order of the oxide shell thickness
(nZVI=4 nm > 9 nm > 14 nm). The same pattern of maximum re-
sponses was observed for all the tested bacteria (see Fig. 2 and
Supplementary Fig. 2). The maximum MDA response results also
substantially differed among the individual bacterial strains,
although the data were normalized to the same amount of bacterial
cells (107). Therefore, we attempted to investigate the reasons for
such different maximum responses that are important for the
sensitivity of the assay. We noted that the maximum values cor-
responded to the size of the individual bacterial strain cells, i.e.,
with the surface of the bacterial membrane. Thus, we calculated
approximate surfaces of the bacterial cells using confocal micro-
scopy with respect to the shape of the strains (spheres or cylinders)
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Fig. 2. Dose response curves of MDA production after 3 h of exposure of the bacteria to the nanoparticles. The MDA concentrations were recalculated to 107 bacteria. The individual
points represent the means of three independent experiments, and the error bars represent the standard deviations.

using 50 individuals (see Supplementary Fig. 3; relative standard
deviation did not exceed 20%). Thereafter, we performed a simple
correlation analysis of the cell-membrane area with maximum
MDA production. The Pearson correlation coefficient was, in all
cases, higher than 0.75, and the P-values reached 0.05, 0.05, 0.09
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and 0.07 for the nZVI, A, B and C materials, respectively.

In contrast, the optimized MDA assay for the determination of
lipid peroxidation in bacteria species provided positive results in
terms of OS evaluation. It is the only test, in this study, that is fully
applicable to the whole range of real concentrations of nZVI-based
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regarding the maximum of the individual dose-response curves. The error bars stand for the standard deviations.

nanomaterials. To employ the phenomenon of lipid peroxidation by
nZVI for toxicity assessment, it is necessary to understand the redox
behavior of Fe” in the water and potential pathways of ROS gen-
eration via nZVi-based nanoparticles (Semerad and Cajthaml,
2016). The basic reaction of Fe® is its oxidation with the simulta-
neous reduction of various species. In the absence of free oxygen,
Fe’ can be oxidized by water to Fe?* accompanied by H, generation
(Filip et al., 2014). In water with the presence of dissolved oxygen,
Fe? is oxidized to Fe?*, which can be further oxidized to Fe3*. In
both cases, via one or two electron transfers, H202 can be formed
(Keenan and Sedlak, 2008). Fe?t, and eventually Fe*', can then
enter the Fenton process and form hydroxyl radicals from H,0;
(Sevcu et al., 2011). In addition, radicals such as -OH or -OO0H can
react with lipids in the bacterial membrane and initiate the lipid
peroxidation cascade (Esterbauer et al,, 1991). One of the final
products of lipid degradation (peroxidation) is MDA, the marker
monitored in this study.

The results of the lipid peroxidation analysis (Fig. 2) clearly
documented that the production of MDA was dose-dependent and
closely associated with a specific organism. Regardless of the dif-
ference in ECsg values, the formation of MDA showed the same

tendency in cases of all the tested bacteria. The lowest ECsg values
were observed after exposure to the most reactive nZVI, and the
production was gradually decreased following the order of A, B and
C, with few exceptions (Fig. 3A). The same pattern was observed for
the maximum responses, where the values of maximum MDA
production greatly varied among the bacterial strains
(Supplementary Fig. 1). A possible and logical explanation for the
different levels of OS after exposure to the different materials is that
the production of MDA corresponds to the reactivity of the parti-
cles, where a higher coating (i.e., passivation, see Fig. 1) results in a
lower OS. These results in fact verify the suitability of the optimized
test. The results from the present study, in general, support this
hypothesis, although no additional analyses were performed. A
direct connection between the bacterial inactivation and cell
damage resulting from nZVI reactivity has been described in several
publications (Auffan et al., 2008; Le et al., 2015; Chen et al., 2013;
Ravikumar et al., 2016).

As shown in Fig. 2, the calculated ECsq values of the nano-
materials were probably influenced by the maxima of the indi-
vidual dose-response curves. Based on the results, some of the ECsg
values were underestimated only because the dose-response
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curves reached lower maximum values than those of the more
reactive materials. Therefore, we attempted to correct these ECsg
values regarding their maxima by applying a simple formula
resulting from the receptor theory (Ezechias and Cajthaml, 2018;
Ehlert et al.,, 1999) where nZVI was used as the reference material,
revealing the maximum response of the individual bacteria under
the used conditions (Fig. 3B). Such an approach clearly enables the
comparison of material in a better way because the value of ECsq.
corrected Tepresents the potency of the material to trigger OS better
than ECsg alone. When we performed the correlation analysis of the
ECsg-corrected Values with the thickness of the oxide shells, we found
that, except for E. coli, the Pearson correlation coefficients were
higher than 0.951, and the P values were lower than 0.049. In the
case of E. coli, the Pearson correlation coefficients and P values were
0.870 and 0.130, respectively.

In this study, we tested the acute toxicity of the nZVI-based
materials on various species of bacteria, and a certain species-
specific toxic effect was observed. However, there was no clear
difference between the toxicity to gram-positive and gram-
negative bacteria. In this context, there are several articles in the
literature documenting different nZVI effects on specific bacterial
populations (Lefevre et al., 2016; Semerad and Cajthaml, 2016; Jang
etal., 2014) or even at species and strain levels (Chaithawiwat et al.,
2016). However, the results of this study documented that,
considering only OS, MDA production was highly correlated with
the size (surface) of the respective bacterial strains (see the results).
A possible explanation for this phenomenon is that larger bacterial
species have a larger surface area and, therefore, higher amounts of
unsaturated fatty acids that are precursors of MDA. The highest
formation of MDA after exposure to the nanomaterials was
observed in the case of B. cereus and the lowest for E. cloacae.
Regarding the applicability of the assay, the results suggest that any
easily cultivated bacterial strain can be employed, and use is not
restricted to special soil or pathogenic bacteria.

Another important parameter frequently mentioned in the
literature that influences the toxicity of nanoparticles is aggrega-
tion (Renzi and Guerranti, 2015). The aggregation of nanoparticles
increases the size of particles and decreases their bioavailability
(Rodea-Palomares et al.,, 2011). The key indicator of the stability of
colloidal dispersions is the Zeta potential, which predicts the ag-
gregation of nanoparticles due to Van Der Waals inter-particle at-
tractions. The recorded Zeta potentials of our tested nanoparticles
indicate that with an increasing oxide shell, particles are more
likely to aggregate. Correlation analysis of the ECso-corrected Values
with the Zeta potentials of the nanomaterials again revealed that,
except for E. coli, the Pearson correlation coefficients were better
than —0.81 and the P values lower than 0.18. The Pearson correla-
tion coefficients for E. coli and the P-value were —0.70 and 0.30,
respectively. Documented correlation of the ECsg.corrected Values
and the Zeta potential showed that aggregation of the tested
nanoparticles could also influence their toxicity. In the environ-
ment, nZVI undergoes spontaneous oxidation. The effect of
passivation, when Fe? is oxidized and iron-oxides (e.g., magnetite,
maghemite, hematite, and goethite) are formed on the surface of
the nanoparticles, is usually called "aging”. How full/partial oxida-
tion "aging” could affect the toxicity of nZVI has already been
studied by many authors (Li et al., 2010; Phenrat et al., 2009; Wang
et al., 2016). Another study has shown that with increasing oxida-
tion of nZVI, the absolute value of the Zeta potential decreases
together with the negative effects on bacteria (Ortega-Calvo et al,,
2016). The authors stated that the decrease in toxicity and the
concomitant decrease in the surface charge (Zeta potential) of nZVI
in time indicated that Fe® went through an aging process. Accord-
ingly, the results presented in the current study showing a decrease
in the toxicity of nZVI-based nanoparticles in relation to the
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thickness of the oxide shell can also be presented as the toxicity
level of nZVI over time: nZVI without an oxide shell as fresh and
nZVI-based nanoparticles with a thicker oxide shell indicative of its
different stages of aging (i.e., partially aged).

4. Conclusion

In summary, we attempted to develop a novel assay for toxicity
determination based on the monitoring of OS to test the toxicity of
nZVI and related materials covered with an oxide shell with
different thicknesses. The findings of this study demonstrate that
unique and specific proprieties of nZVI materials influence the
toxicity/OS determination. Specific features of nZVI, such as its high
reactivity (reductive potential), coagulation, sorption on cells and
general interactions with assay components, complicate toxicity
determination by commonly used tests. Bacterial membrane
damage and detection via the determination of LDH were found to
be inapplicable due to the inactivation of LDH by nZVI materials.
Additionally, monitoring of the GSH/GSSG ratio was not applicable
due to the reaction of GSH with nZVI and nonstoichiometry of the
GSH-GSSG transformation. These results documented that during
the adaptation of any classical toxicity assay to nanomaterials,
stability tests should be carried out to exclude any undesired
interference of the tested materials with the respective assay
components.

In contrast, the optimized OS assay employing MDA determi-
nation was shown to be a suitable solution for the fast in vivo
determination of oxidative stress induced by nZVI-based nano-
particles. Using this assay, we could compare the toxicity based on
0S of newly manufactured nanomaterials even before their incor-
poration into the environment. Additionally, the results also
documented the suitability of the test for the rapid and easy
monitoring of nZVI material aging in terms of toxicity determina-
tion. The results of the assay also showed that OS, which is
considered one of the main nZVI toxicity mechanisms, was species
specific only in terms of ECsg values; however, the response of the
assay in terms of MDA production correlated with the size of the
cell membrane surface.

Overall, the correspondence of our results to the logical pre-
diction of a toxicity decrease using the different oxide shell mate-
rials proves that the novel assay is fully applicable to the toxicity
determination/evaluation of nZVI-based nanoparticles. Based on
the direct evaluation of OS, we can now monitor one of the most
important adverse effects of iron nanoparticles and compare the
toxicity of newly engineered core-shell structures before their use
in the field.
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Abbreviations

0s oxidative stress

GSH glutathione

MDA malondialdehyde

nZzvl nanoscale zero-valent iron

ROS reactive oxygen species

TBA 2-thiobarbituric acid

GSSG glutathione oxidized dimer; as, specific surface area
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the best of our knowledge, this paper is the first to document the production of
aldehydes resulting from lipids and proteins as a result of OS in microorganisms from
different kingdoms after exposure to iron nanoparticles.
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Abstract

Due to their enhanced reactivity, metal and metal-oxide nanoscale zero-valent iron (nZVI) nanomaterials have been
introduced into remediation practice. To ensure that environmental applications of nanomaterials are safe, their
possible toxic effects should be described. However, there is still a lack of suitable toxicity tests that address the
specific mode of action of nanoparticles, especially for nZVI. This contribution presents a novel approach for
monitoring one of the most discussed adverse effects of nanoparticles, i.e., oxidative stress (OS). We optimized and
developed an assay based on head-SPME-GC-MS analysis that enables the direct determination of volatile oxidative
damage products (aldehydes) of lipids and proteins in microbial cultures after exposure to commercial types of
nZVI. The method employs PDMS/DVB SPME fibers and pentafluorobenzyl derivatization, and the protocol was
successfully tested using representatives of bacteria, fungi and algae. Six aldehydes, namely, formaldehyde,
acrolein, methional, benzaldehyde, glyoxal and methylglyoxal, were detected in the cultures, and all of them
exhibited dose-dependent sigmoidal responses. The presence of methional, which was detected in all cultures except
those including an algal strain, documents that nZVI also caused oxidative damage to proteins in addition to lipids.
The most sensitive toward nZVI exposure in terms of aldehyde production was the yeast strain Saccharomyces
cerevisiae, which had an ECsy value of 0.08 g/l. nZVI. To the best of our knowledge, this paper is the first to
document the production of aldehydes resulting from lipids and proteins as a result of OS in microorganisms from
different kingdoms after exposure to iron nanoparticles.
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Introduction:

Nanoremediation represents an emerging branch of remediation and employs various nanomaterials to treat
contaminated waters, sediments and soils (Dong et al. 2019; Xue et al. 2018). Despite the large spectrum of
nanoparticles in use, nanoscale zero-valent iron (nZVI) and its related materials are the most commonly applied
nanomaterials in environmental remediation practice (Karn et al. 2011). Application of nZVI and full-scale cleanup
operations have been successfully used to demonstrate its efficiency in the decontamination of various pollutants
(Nemecek et al. 2014; Nemecek et al. 2015; Nemecek et al. 2016). The high degradation efficiency and cost-
effectiveness of nZVI production indicate increasing applications of nZVI. However, despite the known positive
aspects of nZVI, detailed information of its potential influence on resident living species is still limited or has barely
been explored (Semerad and Cajthaml 2016).

One of the most cited mechanisms of nanoparticle toxicity is oxidative stress (OS; (Sevcu et al. 2011)). This
undesirable state of an organism is established when an imbalance of reactive oxygen species (ROS) occurs. The
presence of elevated ROS concentrations or their insufficient catabolism can lead to their interaction with cellular
biomolecules, such as lipids, proteins, carbohydrates and nucleic acids, leading to the formation of (sometimes toxic
and mutagenic) end-products. Oxidative degradation of lipids is called lipid peroxidation, and through a cascade of
radical reactions, various aldehydes (such as 4-hydroxynonenal, acrolein, malondialdehyde, glyoxal, etc.) can be
formed from unsaturated fatty acids (Esterbauer et al. 1991; O'Brien et al. 2005). In addition, ROS can react with
proteins and oxidize or degrade amino acids during the concurrent formation of their oxidation products containing
carbonyl groups (methional, 2-aminoadipic semialdehyde, glutamic semialdehyde, etc.; (Grimsrud et al. 2008)).
Some protein oxidation markers (e.g., methional, benzaldehyde, formaldehyde, etc.) can also be formed by Strecker-
type degradation induced by lipid oxidation products or directly by oxidative Strecker degradation of amino acids
(Schonberg and Moubacher 1952).

Zero-valent iron-based nanoparticles are redox-active catalysts that can be used for in sifu remediations (Soukupova
et al. 2015) and are highly reactive particles, and the reactivity of nZVI lies in its strong reductive potential. Fe”
undergoes oxidation (to Fe®* and Fe’*) while reducing its counterparts, including pollutants, oxygen or water
(Stefaniuk et al. 2016). In the case of side reactions with nontargeted molecules (e.g., water; (Filip et al. 2014)), a
large amount of ROS are formed. Many studies describe possible pathways of nZVI interactions with
microorganisms or living species, and the majority of them suggest that membrane disruption and oxidative stress
are the main mechanisms that contribute to the cytotoxicity of nZVI (Lefevre et al. 2016: Semerad and Cajthaml
2016; Wu et al. 2019). The generation of Fe** via Fe® oxidation and ROS produced by the Fenton reaction also play
a crucial role in the induction of OS. Several authors were able to detect and monitor nZVI-induced OS in vitro in
bacterial species by measuring ROS, ROS catabolic enzyme activity or other markers of OS (Le et al. 2015; Lv et al.
2017; Semerad et al. 2018).

Generally, there is a demand for the development of toxicity assays to measure the adverse effects of nanoparticles
that are specifically aimed at their mode of action. Moreover, the development and application of novel nZVI-
derived nanomaterials calls for more intense studies of its possible adverse effects, either at the molecular level or
directly at the site during nanoremediation applications.

In this study, we present a novel approach for monitoring oxidative stress damage in microorganisms from different
kingdoms, which enables an estimation of the toxicity of pure newly isolated nanoparticles and monitoring of real
remediated sites where nZV1 is typically used, to ensure its safe application. Based on many published applications
of carbonyl compound analysis in various matrices, we developed a novel, sensitive and simple method for the
determination of aldehydes using microbial cultures. Aldehydes, which are typical markers of oxidative stress, are
routinely determined and quantified by HPLC or GC coupled with mass spectrometry (MS) after derivatization
(Nishikawa and Sakai 1995; Uchiyama et al. 2011). To avoid matrix effects and laborious sample preparation, solid
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phase microextraction (SPME) is often used (Bao et al. 1998; Schmarr et al. 2008a; Schmarr et al. 2008b; Wang et
al. 2005).

Therefore, the aim of this article was to optimize and develop an assay based on head-space (HS)-SPME-GC-MS
method for rapid and sensitive screening of volatile oxidative damage products (aldehydes) of lipids and proteins in
various microbes, including bacteria, fungi and algae, after exposure to commercial nZVI particles. To the best of
our knowledge, this is the first study documenting the production of aldehydes from lipids and proteins by nZVI-
induced OS in microorganisms from different kingdoms.

Materials and Methods
Materials (chemicals)

Air-stable nZVI particles, NANOFER STAR, a commercially available form of nZVI, were obtained from NANO
IRON Company (Rajhrad, Czech Republic). The cultivation medium for bacteria, Nutrient broth No. 2, was
acquired from Himedia (Mumbai, India). Other chemicals, including standard solutions of each aldehyde. 65 pm
PDMS/DVB SPME fibers and derivatization reagent O-(2,3.,4,5,6-Pentafluorobenzyl)hydroxylamine hydrochloride
(PFBHA), were purchased from Sigma-Aldrich (Steinheim, Germany).

Character of nZVI-based nanoparticles

The NANOFER STAR nZVI particles used in this study were prepared by solid-gas thermal reduction of an iron
oxide precursor, followed by surface passivation (to obtain air-stable particles), and were recently well characterized
(Kaslik et al. 2018). Briefly, the core-shell of the nanoparticles consists of a metallic iron core (a-Fe, bece crystal
structure) and approximately 4 nm thick iron oxide shell (Fig. 1); the shell is dominantly formed by magnetite. The
mean particle size of the nearly spherical particles is approximately 70 nm, and their specific surface area is close to
20 m%/g: the particles contain approximately 90 wt.% of iron atoms in the metallic state. These nanoparticles were
recently used in numerous environmental and mechanistic studies (Nemecek et al. 2016; Ribas et al. 2017; Tucek et
al. 2017; Zboril et al. 2012).

Microbial cultivation and pretreatment before exposure

All microbial species were cultivated according to their specific requirements. The bacterial strains Bacillus cereus
DBM 3035 and Serratia marcescens CCM 303 were grown in Nutrient broth No. 2 at 37 °C as described previously
(Semerdd et al. 2018). A yeast culture of Saccharomyces cerevisiaze BY 4742 was cultivated at 30 °C in YPD
medium (composition: glucose, 20 g/L; bacterial peptone, 10 g/L; yeast extract, 10 g/L: and, agar, 15 g/L) as
follows. One single CFU was added to a 500 mL Erlenmeyer flask containing 50 mL of YPD medium, and the yeast
culture was cultivated for 18 hours. The last microbial species, the algal strain Desmodesmus subspicatus CCALA
688, was purchased from the Institute of Botany of the Czech Academy of Sciences (Czech Republic) and cultivated
in Bold’s basal medium (21 °C, 72 hours, and 8000 lux). After cultivation, all microbial cultures were washed twice
with phosphate-buffered saline (PBS) and concentrated 10x as follows: 50 mL of cellular suspension was
centrifuged for 10 min at 5000 g, the supernatant was removed, and the pellet was resuspended in 50 mL of PBS and
then centrifuged again. The final pellet was resuspended in 5 mL of PBS.

Cell counting by flow cytometry

The number of microbial cells used in this study was counted by flow cytometry. The instrumental setup for
bacterial counting was the same as in a previously study (Semerdd et al. 2018). The yeast culture was fixed with
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ethanol (1:1; yeast: ethanol absolute) and diluted 100x in PBS. Prior to flow cytometry, 180 uL of the diluted
cultures in PBS were mixed with 20 pL of stain (Hoechst 33258: 10 pg/mL) and 10 pL. of counting beads (green
fluorescence beads; 10,000 beads/pL). The algal strain exhibited auto-fluorescence, and, therefore, this culture was
directly measured without staining after the addition of 10 pL of counting beads to 100 pL of the algal samples. The
prepared samples were further analyzed using a BD LSR II flow cytometer (BD Biosciences, San Jose, CA, USA).
The settings of forward scatter, side scatter and Hoechst fluorescence or auto-fluorescence were adjusted and
thresholded by Hoechst fluorescence or auto-fluorescence, respectively. Finally, the stained or auto-fluorescent
events were recorded, and cell counts were calculated from the number of collected beads and events per sample.
The cell concentrations of the stock suspensions used for subsequent experiments were 10°-10" cells/mL for
bacteria, 107 cells/mL for yeast and 107 cells/mL for algae.

Exposition to nanoparticles and sample preparation prior to HS-SPME-GC-MS

Exposure to the nanoparticles was based on a previously described protocol (Semerdad et al. 2018) with slight
modifications. The respective biotic controls were prepared without exposure to nZVI. The tested concentrations of
iron nanoparticles were 0.1, 0.5, 1.0, 2.5, 5, 10, and 20 g/L.. Air-stable nZVI nanoparticles were weighed (1, 5, 10,
25, 50, 100, and 200 mg) in centrifugation tubes and mixed with 1 mL of Milli-Q water. The nanoparticle
suspension (1 mL) was mixed with 9 mL of the respective microbial suspension to reach a final exposure volume of
10 mL. Exposure of the microbial cultures to iron nanoparticles was carried out in triplicate under the specific
growth conditions for each species for 24 hours. To reach homogeneity of the suspension and to prevent
sedimentation of nanoparticles, exposure was carried out on a reciprocal shaker at 150 oscillations per minute.

Thereafter, the exposed samples were prepared for HS-SPME-GC-MS analysis according to the following protocol.
First, after the exposure, microbial cells were lysed by mechanical disruption of their membranes; 1 mL of the
exposed sample was added to 0.5 g glass beads and vigorously shaken on a high-throughput cell homogenizer MP
FastPrep-24 (MP Biomedicals, Santa Ana, CA, USA). Subsequently to lysis, the samples were centrifuged for 10
min at 12,000 g to achieve complete sedimentation of the nanoparticles.

Finally, 1850 pL of the centrifuged sample supernatant, 100 uL of an internal standard (ISTD; D6-cyclohexanon, 20
pg/L) and 50 pL of the derivatization reagent (PFBHA-HCI: 1 g/L) were transferred to 20 mL headspace vials that
were sealed with PTFE caps prior to HS-SPME-GC-MS analysis.

HS-SPME-GC-MS method

GC-MS analysis was performed using gas chromatography-mass spectrometry (GC-MS; 450-GC, 240-MS ion trap
detector, Varian, Walnut Creek, CA, USA). The automated HS-SPME technique was performed using a CombiPal
autosampler (CTC Analytics AG, MN, USA) equipped with an SPME fiber holder and a heating station for
incubation (i.e., derivatization) and extraction of the derivatized aldehydes. MS workstation software was used for
data acquisition, data processing and to control the GC-MS and CombiPal autosampler. The temperature of the
injector, equipped with an SPME liner (Topaz, Restek, Bellefonte, PA, USA), was set to 250 °C to desorb the
derivatized aldehydes from the SPME fiber. A constant flow of helium, 1.2 mL/min, was used as the carrier gas for
GC-MS analysis. The temperature ramp started from 40 °C (2 min isothermal) to 120 °C at 12 °C/min (6 min
isothermal) and then to 240 °C at 5 °C/min (1 min isothermal). The temperature of the mass spectrometer was set to
220 °C for the ion trap, 50 °C for the manifold and 280 °C for the transferline. The data were collected within a
mass range of 50-500 m/z, and selected ions (see below) were used for quantification with respect to each carbonyl
compound. All aldehydes were quantified by the sum of the peak areas of two geometric isomers as previously
described (Cullere et al. 2004; Vesely et al. 2003) with the exception of formaldehyde, for which the separation of
the two oximes was not achieved.

According to previously published methods of aldehyde determination in various samples. a 65 pm PDMS/DVB
fiber was selected for its affinity for PFBHA oximes (Martos and Pawliszyn 1998). HS-SPME derivatization was
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based on methods recently described in the literature (Ferreira et al. 2004) and modified and optimized for our
purpose (derivatization time: 30, 60, 90, and 180 min; extraction time: 15, 30 and 45 min; temperature: 40, 60, and
80 °C; and carryover effect). The optimized conditions were as follows. Each headspace vial containing a sample
was transferred to the heating station and conditioned for 60 minutes at 80 °C. Then, the SPME fiber was inserted
into the headspace of the heated sample for 30 min (at the same temperature) to extract the derivatized aldehydes.
Finally, the fiber loaded with PFBHA oximes was inserted into the injector. Prior to each sequence, the fiber was
left and conditioned in the injector for 15 minutes at 250 °C to avoid sample cross-contamination and potential
background/carryover effects.

Data analysis

Dose-response curves were modelled using OriginPro 8.5, and the ECs; values were calculated via sigmoidal fitting
using the same software. For further statistical testing, a t-test was employed (p < 0.05).

Dose response curves were constructed after subtracting the background concentrations of aldehydes in the biotic
control samples without exposure to nZVIL.

The lowest observed effect concentration (LOEC) was the lowest tested concentration that was significantly
different from the control (p < 0.05) within the given exposure time.

The limit of quantification (LOQ) of the whole method was determined as the lowest point of the calibration curve
with precision lower than 20 %. comprising the whole process, including SPME and the derivatization process. The
reproducibility of the instrument was determined using 10 replicated injections of the individual analytes at a
concentration level of 100 pg/L.

Results
Method optimization and validation

The HS-SPME-GC-MS method, which is the standard method for aldehyde determination in clinical and food
matrices, was adapted and optimized. According to previous studies, the PDMS-DVB SPME fiber was selected
because of its suitable selectivity and extraction/desorption ability. To more deeply explore the oxidative stress
damage caused by nZVI, 16 aldehyde representatives, as potential biomarkers of oxidative stress selected according
to the literature, were derivatized with PFBHA, and the GC-MS method has been optimized to analyze the
respective PBHA-oximes. The optimized parameters selected as the most efficient are mentioned in Materials and
Methods. The final method was then validated, and the reproducibility of the selected aldehydes was tested. The
reproducibility at a concentration level of 100 pg/L was lower than 13.6 % for each aldehyde. All other parameters,
including the retention times of all the derivatization products, quantification ions, and the LOQ of the whole
process, are presented in Table 1.

Microbial samples after exposure to different concentrations of nZVI

In this study, 4 microbial cultures were exposed to different concentrations of the commercially available form of
nZVI as typical representatives of different kingdoms, including bacteria (Gram + B. subtilis; Gram — S.
marcescens), fungi (yeast S. cerevisiae) and plantae (alga D. subspicatus). Microbes can potentially be affected by
nZVI during remediation processes when nanoparticles of Fe” are applied at concentrations of approximately 2 g/L.
(Nemecek et al. 2014) and, sometimes, at even higher concentrations (Grieger et al. 2010). After 24 h of exposure of
the microbial cultures to nZVI, several short chain aldehydes and dialdehydes were detected and identified as
markers of oxidative damage of various biomolecules. Two aldehyde markers were detected in the algal culture:
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formaldehyde and glyoxal. Both detected markers showed a similar dose-dependent sigmoidal trend (Fig. 2). The
ECsp values are shown in Table 2.

The number of aldehyde markers of OS damage found in the yeast and bacterial cultures was higher than that found
in the algal culture. In the culture of S. cerevisiae exposed to the concentration range of nZVI, 6 aldehydes were
detected: formaldehyde, acrolein, methional, benzaldehyde, glyoxal and methylglyoxal (Fig. 3). All of the detected
markers showed a statistically significant increase (p < 0.05) in their concentrations in nZVI-exposed samples
compared with the biotic nZVI-free control; for formaldehyde, acrolein, benzaldehyde, and glyoxal, a statistically
significant increase in their concentrations was even found at the lowest tested concentration of 0.1 g/l.. A
significant increase in the concentration of methional in this microbial culture was found at a concentration of 5 g/L.,
and the LOEC for methylglyoxal production was 1 g/L.

S. marcescens and B. cereus, as representatives of Gram-negative and Gram-positive bacteria, respectively, were
also used in our study. After exposure of the bacterial culture of S. marcescens to the concentration range of nZVI,
dose-dependent responses of formaldehyde, acrolein, methional and benzaldehyde were observed (Fig. 4). In
comparison to the biotic control samples, the production of all of the detected OS markers except for methional were
significantly higher, even at the lowest nZVI concentration used in the experiment, 0.1 g/L; the LOEC for methional
was 0.5 g/L. The Gram-negative strain 8. marcescens exhibited 10x higher total production of aldehydes compared
to the Gram-positive strain B. cereus.

Screening of aldehydes in the culture of B. cereus after exposure to nZVI showed an increase in the concentrations
of 5 aldehydes (i.e., formaldehyde, acrolein, methional, glyoxal, and benzaldehyde); see Fig. 5. As for the previous
microbes exposed to nZVI, the aldehydes detected after exposure to B. cereus exhibited a sigmoidal dose-response
trend (see Table 2).

Discussion

During the last three decades, lipid peroxidation, one of the main forms of oxidative damage caused by ROS, has
been extensively studied, and several degradation pathways of fatty acids have been described. A series of iterative
oxidation and cleavage reactions produce carbonyl compounds that are frequently highly reactive, toxic and, in some
cases, even mutagenic. The most explored products of lipid peroxidation are aldehydes (e.g., malondialdehyde, 4-
hydroxynonenal, acrolein, and glyoxal), and elevated levels of aldehydes are often observed in biological systems
(Esterbauer et al. 1991). Short-chain aldehydes and dicarbonyls can also be formed via glycoxidation caused by high
levels of oxidants or by degradation of glycated proteins. The formation of short-chain aldehydes resulting from the
oxidation of amino acids also occurs. Therefore, analysis of aldehydes could provide insight into oxidative damage
and be used to evaluate the current level of OS in living species (Kohen and Nyska 2002). OS is frequently
connected with many pathological states of several diseases in clinical studies (Hussain et al. 2003; Jenner 2003;
Markesbery 1997). Consequently, many authors have focused on discovering new markers of oxidative stress, and
new methods have been developed for their quantification, which could allow a better understanding of disease
progression and help in diagnosis (Chen et al. 2016). The undesirable state of disbalance in ROS metabolism can
occur in all living cells, including microbes. Accordingly, some of the OS markers used in clinical studies can also
be found in different organisms and be used as monitoring tools of their vitality.

The most common markers of lipid peroxidation are TBARS (thiobarbituric acid reactive species) derivatives, which
are measured by UV/fluorescent spectrometry (Kohen and Nyska 2002). To separate and identify each
marker/carbonyl/aldehyde, analytical methods, such as liquid chromatography or gas chromatography with mass
detection, are typically employed (Shibamoto 2006; Spiteller et al. 1999). For both separation techniques,
derivatization of aldehydes is used. Recently published studies on the derivatization of aldehydes with PFBHA and
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subsequent headspace extraction by SPME fibers and analysis by gas chromatography coupled with mass detection
showed that even trace levels of aldehydes could be feasibly determined under concurrent suppression of matrix
effects (Cancho et al. 2002; Iglesias et al. 2010; Moreira et al. 2013; Schmarr et al. 2008a).

Due to their high reactivity and toxicity, the most studied products of lipid degradation in living systems are
malondialdehyde, 4-hydroxynonenal and acrolein (Dalle-Donne et al. 2006; Hauck and Bernlohr 2016).
Malondialdehyde and 4-hydroxynonenal were not detected in the current study, even though the presence of
malondialdehyde was confirmed by HPLC-FL in our previous work using another analytical technique (Semerid et
al. 2018). The possible explanation for the lack of detection of malondialdehyde and 4-hydroxynonenal is that the
PFBHA oximes of several carbonyls are polar and non-volatile, and only a minor portion will be present in the
sample headspace. Another explanation is the high reactivity of malondialdehyde, which can bind to large
biomolecules, resulting in a low partial pressure of the compound in the head space (Esterbauer et al. 1991).

The only typical marker of lipid peroxidation and, at the same time, the most reactive product of lipid degradation
detected in this study, was acrolein (Perluigi et al. 2012). This short, unsaturated aldehyde was present in both
bacterial strains as well as in the yeast strain after exposure to nZVI. Moreover, glyoxal, a short and reactive
dialdehyde, was detected in all the tested microbial species. This marker of OS is standardly described to be a
product of the decomposition of lipid hydroperoxides, which are products of the oxidative breakdown of
deoxyribose or the autoxidation of other sugars (Mistry et al. 2003). However, all of the described mechanisms of
glyoxal formation occur during or are involved with OS and therefore can be used to quantify unspecific oxidative
damage. For instance, the formation of glyoxal during ozonization of algal/natural organic matter has also been
described (Huang et al. 2008). In addition, a methylated form of glyoxal was found in the yeast culture. The
endogenous metabolite methylglyoxal could be formed like glyoxal via glucose metabolism, protein catabolism and
fatty acid oxidation (Voulgaridou et al. 2011). Methylglyoxal is considered a marker of OS and it is a precursor of
advanced glycation products that is often found in studies dealing with age-related diseases (Maessen et al. 2015).
Nevertheless, the most abundant aldehyde of the detected carbonyls, which was found in all the exposed microbial
cultures, was formaldehyde. Formaldehyde, the shortest aldehyde, was detected at concentrations several times
higher than the other detected markers (see the Results section). The occurrence of formaldehyde is also connected
to OS and is related to oxidative damage in many studies (Shara et al. 1992; Voulgaridou et al. 2011). Some authors
have suggested potential pathways of formaldehyde formation via lipid peroxidation or endogenous processes, such
as amino acid metabolism. We also found endogenous formaldehyde production in the nZVI-free microbial control
samples.

In addition to lipid peroxidation, protein breakdown or oxidation of free amino acids could also result in carbonyl
formation. The direct reaction of proteins and ROS can result in the carbonylation of the side chains of polypeptides
and, in some cases, the formation of peptide fragments with a carbonyl group. Another mechanism of the oxidative
damage of proteins leading to the formation of the carbonyl moiety was described by Stadtman and Levine
(Stadtman and Levine 2003). Another possible pathway of carbonyl generation is the direct oxidation of free alpha
amino acids via process called Strecker degradation. This degradation process involves a series of reactions in which
alpha amino acids undergo oxidation by a large number of different oxidizing agents for the subsequent formation of
an aldehyde. Strecker degradation could be caused by inorganic agents (e.g., H:02, Oz or Os, etc.) or by organic
compounds, such as other carbonyls (Schonberg and Moubacher 1952). Oxidation of glycine will lead to
formaldehyde production. The large difference in the concentrations of formaldehyde and the rest of the detected
markers could also be explained by the uncertainty of the formaldehyde origin — there are many potential
pathways/precursors for its formation. Benzaldehyde, another aldehyde connected to OS damage, was detected in
both bacterial and yeast cultures. Direct oxidation of amino acids is one of the probable explanations for the increase
in the benzaldehyde concentration in microbial samples exposed to nZVI, as well as in the case of formaldehyde.
The formation of benzaldehyde via a hydroxyl radical attack has been described, and oxidation of phenylalanine
results in the production of phenylacetaldehyde and benzaldehyde (Chu and Yaylayan 2008). The last marker of
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oxidative damage found in all three nonphotosynthetic species was methional. Oxidative degradation of methionine
leads to methional formation the previously mentioned Strecker reaction. Methionine is the only aldehyde that
contains sulfur which was detected during the exposure of microbes to nZVI; methionine has been shown to induce
apoptosis in murine lymphoid cells (Roch et al. 1998). Apart from this, the majority of OS-derived carbonyls have
been shown to be able to cause some toxic effects or to induce damage to biomolecules (Esterbauer 1993; Moghe et
al. 2015; Voulgaridou et al. 2011).

It is worth noting that the detected carbonyls connected to oxidative damage are unstable and, in some cases, highly
reactive. Therefore, aliphatic or aromatic carbonyls can interact with biomolecules inside cells. The toxicity of
endogenous aldehydes has been well described as well as their interactions with macromolecules, such as proteins,
and their ability to cause protein carbonylation/oxidation (by alkenals) or protein glycation (by glyoxals) (Grimsrud
et al. 2008; Stadtman and Levine 2003). In addition to proteins, macromolecules of nucleic acids are also targeted by
aldehydes (Voulgaridou et al. 2011). Highly reactive carbonyls could be intercalated into macromolecules of DNA
(as well as into protein structure), and the formed adducts could then be metabolically degraded (Mistry et al. 2003).
DNA or RNA could even be oxidized by hydroperoxyaldehydes formed by the peroxidation of some unsaturated
fatty acids. Moreover, both oxidation and adduction could result in mutagenicity.
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Conclusion:

Sublethal effects, such as oxidative stress and subsequent oxidative damage, play crucial roles in the cytotoxicity
induced by nanoparticles and many other chemicals/compounds. The development of new assays based on oxidative
stress will enable the discovery of mechanisms and help to better understand the adverse effects of xenobiotics in
exposed microbial cells. The whole range of the detected and quantified markers of lipid peroxidation shows that the
assay described in this study can easily be used as a suitable tool for oxidative stress/toxicity evaluation in microbes.
Moreover, an example nanoparticle known to trigger OS (e.g., nZVI) was used to evaluate the assay. It is worth
noting that the potential of nZVI to cause OS has already been proven by many authors, and the method for its
quantification in bacteria species was recently published (Semerad et al. 2018). However, we were only concerned
with performing a toxicity evaluation of nZVI using a single marker of bacterial lipid peroxidation, i.e.,
malondialdehyde in bacteria species. The present work is an extended study of the OS damage caused by nZVI in 3
different microbial species in which other volatile markers of lipid peroxidation and protein oxidation were
monitored. All the detected markers exhibited dose-dependent sigmoidal responses. To avoid matrix effects and
simplify sample preparation and derivatization, the abovementioned method based on HS-SPME-GC-MS was
selected, optimized and applied. The results of the detected changes in aldehyde fractions prove that this fast,
effective and automated approach is applicable to OS determination in microbial cultures. The composition of the
detected aldehydes, including sulfur-containing methional, proves that nZVI can also cause oxidative damage to
proteins apart from lipids. This study presents a novel approach for the determination of OS in microbes from
ditferent kingdoms after exposure to a nanomaterial. Moreover, the presented assay is applicable for the evaluation
of unspecific OS damage in microbes caused by other nanoparticles and xenobiotics as well.
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Figure and Table captions

Fig. 1 Transmission electron microscope (TEM) image (left) and TEM-derived particle-size distribution (right) of
the NANOFER STAR particles used in this study

Fig. 2 Production of aldehydes after exposure of an algal representative, D. suspicatus, to several concentrations of
nZVI

Fig. 3 Production of aldehydes after exposure of a yeast representative, S. cerevisiae, to several concentrations of
nZVI

Fig. 4 Production of aldehydes after exposure of a Gram - bacteria representative, S. marcescens, to several
concentrations of nZVI

Fig. 5 Production of aldehydes after exposure of a Gram + bacteria representative, B. cereus, to several
concentrations of nZVI
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Table 1 HS-SPME-GC-MS method parameters

Table 2 EC50 obtained via sigmoidal fitting by OriginPro 8.5
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Table 1 HS-SPME-GC-MS method parameters
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45 D. subspicatus S. cerevisiae B. cereus S. marcescens

i Formaldehyde 1.50 0.08 251 0.40

48 Acrolein N.D. 1.05 1.01 1.05

49 Methional N.D. 6.00 2.10 1.24

- Benzaldehyde N.D. 0.08 0.52 0.40

52 Glyoxal 1.98 0.08 0.99 N.D.

22 MethylGlyoxal N.D. 2.44 N.D. N.D.

55

56

57

58

59

60

61

62

63

64

65 86



s

Environmental Science: Nano

Environmental

Science
Nano

Environmental fate of sulfidated nZVI particles: the
interplay of nanoparticle corrosion and toxicity during aging

Journal:

Environmental Science: Nano

Manuscript ID

EN-ART-07-2019-000771

Article Type:

Paper

Date Submitted by the
Author:

09-Jul-2019

Complete List of Authors:

Semerad, Jaroslav; Institute of Microbiology AS CR, v.v.i.,

Filip, Jan; Palacky University, RCPTM

Sevcl, Alena; University of Liberec, .

Brumovsky, Miroslav; Palacky University, RCPTM Slechtiteld 27 Olomouc,
CZ 78371

Nguyen, Nhung; Technicka Univerzita v Liberci, Institute for
Nanomaterials, Advanced Technologies and Innovation

Miksiéek, Jifi; University of Liberec Studentska 2 Liberec, CZ 46117
Lederer, Tomas; Technical University of Liberec, Centre for
Nanomaterials, Nanotechnologies and Innovation

Filipova, Alena; Institute of Microbiology AS CR, v.v.i.

Holecova, Jana; Institute of Microbiology AS CR, v.v.i. Prague, CZ 14200
Cajthaml, Tomas; Institute of Microbiology AS CR, v.v.i.,

SCHOLARONE™

Manuscripts

87




Page 1 of 12 Environmental Science: Nano

Environmental Significance Statement

This work describes an important, environmentally relevant phenomenon of metal nanoparticle

(o B A o N Y S

aging in relation to the toxicity of nanomaterials; in this case, novel sulfidated nanoscale zero-valent

e "
o

materials intended for remediation purposes. To document the safety and relevance of

il
—_

nanomaterials together with maximal remediation efficiency, such a study is of extreme importance.

xv}

The main finding of this paper is that sulfidated nanomaterials are more stable and generally less
toxic in terms of oxidative stress. Nevertheless, the sulfidated nZVI particles exhibited elevated toxic
properties after 7 days of aging. We performed aging experiments under different conditions that are
relevant to standard ecotoxicity tests, and the results of the material analyses showed that aging

~N U bW

must be considered during ecotoxicity testing.
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6
7
8
9
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11 Environmental fate of sulfidated nZVI particles: the interplay of
12 nanoparticle corrosion and toxicity during aging
13
14 Reguvad Dt January Joic Jaroslav Semerad *®, Jan Filip®, Alena Sevcl¢, Miroslav Brumovsky<, Nhung Nguyend, Jifi Miksicek®,
15 Accepted 00th January 20xx Tomds Ledererd, Alena Filipova ®?, Jana Holecovd ® and Tomas Cajthaml| *2
16 .
17 DO L0303 MAHIa00% Nanomaterials have attracted research attention due to their unique properties, which have also made them increasingly
18 useful for various applications, including remediation technologies. In this work, we tried to explore the aging phenomenon
19 of several newly developed nanoscale zero-valent iron (nZV!) particles containing 0.25, 1, and 5% sulfur and to monitor the
20 possible toxicity changes related to the nZVI particles before and during the aging period. We used several relevant
21 technigues for monitoring nZV1 aging, including transmission electron microscopy, X-ray powder diffraction, and particle size
22 analysis. The toxicity of the nZVI particles was monitored using a new oxidative stress assay based on lipid peroxidation, a
23 simple bacterial cultivation test. A test using activated sludge respiration and phospholipid fatty acid analysis of microbial
24 populations was also employed. The results of the material analyses showed that the sulfidated nZVI particles were more
25 stable than bare nZVI particles in terms of Fe® content and particle diameter. The stability was more pronounced with the
26 increasing content of sulfur in the nanoparticles; the content of a-Fe was only 35.3% in the nZVI particles compared with
27 78.6% in the 5% sulfur-doped nanoparticles after 60 days of aging. The results of the oxidative stress assay revealed that the
28 toxicity was also lower with increasing sulfur content; nevertheless, the oxidative stress marker increased substantially after
29 7 days of aging, reaching a similar level to that caused by bare nZVI in some cases. Other results showed that even incubation
30 in media used for the respective tests caused extensive aging; therefore, this information must be considered before the
31 selection of toxicity assays for nanomaterial evaluation.
32 . e . . .
33 alleviate the limitations of bare nZVI and improve its mobility
34 Introduction and selectivity 29, Aside from the well-known modifications
35 Over the last two decades, nanoscale zero-valent iron (nZVl) (e‘g‘,. . stfrface . Sxlsicn; pa ekl e.tc.],. Slifad
36 particles have been abundantly used in environmental modifications with sulfur compounds of low oxidation states,
37 applications, especially for soil and groundwater clean-up, and such ‘as Sumd?tm?f has; recently s.hov?rn thIEOITOSt ‘pror.msmg
38 rarely in wastewater treatment processes *. This material, most results and suitability for real applications 2. Sulfidation of
39 likely the most applied nanomaterial for remediation purposes, n[fw fpreve.nts He spr?ntanfl.‘ou.s ‘FEECtIOI"I ‘I"lwth watlezr ?_:d
40 has shown its high efficiency in the degradation or geofixation t el orz c;mprc;ve? £ F';f_ S_E ECtN'tfy tlcfi‘dpo :ta;::fs S‘ ZVIe
41 of various pollutants, including (poly)chlorinated organic |mpr0‘ve Rgravation e‘ iciency of sulfidated nZVI (S-nzvi),
42 compounds and heavy metals 2, Despite the high potential of especially towards chlorinated ethenes, has been shown by
43 nZV| particles for contaminant removal, their applicability is still mar:.y Efutholzlsand e felieis) &5 [pyeteniie "6k doied
44 limited. The main limitation of the extensive use of nzZVI ;pp |cat|onsr.] ¢ - §6en Vi wididh has sh ol
45 particles lies in the nonspecific reactivity leading to a low svever; the ‘ate‘o ARV Wil Tvas SO greeTt potenti
46 efficiency of the nZVi-based remediation technology. for future applications, has not yet been well described, and a
47 Nonmodified nZVI undergoes oxidation under the concurrent deelper.evall.;afuon cnf Tchedstr.t.lctura‘I ch:anies.asblwell as‘.dthe
48 reduction of natural reducible species that compete with the e»ta uation _0 |ts. tO);:CItV ””"5 aglcr;g‘ls esurah ef.‘ Resl el:t
49 targeted pollutants. Under anoxic conditions, nZVl can even AGERE AR TG WE LR contamlnate. Sie are.the |r5t. tarke
50 reduce water to hydrogen . However, surface modification can exposed to the nZVI and thus are directly affected during the
51 remediation process %17, Therefore, the majority of recent
52 studies dealing with the toxicity of nZVI have been performed
53 - — - - _ on resident microbes and especially on bacterial species. Many
54 U';'Ls;;ge;{} ::::r:bgziy;?g;zg;if;;jf;::;ic'e"m' Vit Viherisha 1003, E- in vitro tests on single bacterial species have shown some
55 b (nstitute for Environmental Studies, Faculty of Science, Charles University, degree of toxicity, but the mechanisms behind the toxic actions
Bendtskd 2, CZ-128 01, Prague 2, Czech Republic o are still not well explored 1819, Several authors have observed
56 © Regional Centre of Advanced Technologies and Materials, Palacky University, . . . . . . .
57 Slechtiteld 27, CZ-783 71, Olomouc, Czech Republic changes in the microbial population during the in vitro tests as
d[nstitute for Nanomaterials, Advanced Technologies and Innovation, Technical well as during the in situ application of nZV|. Detected
58 University of Liberec, Studentskd 2, CZ-461 17, Liberec, Czech Republic lati h h 5 h I v
59 N - population changes suggest that in the long term, nZVI
60
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1
2
3 decreases the overall toxicity of contaminated sites and
4 improves the living environment for microbes *20. After
5 exposure to water or oxygen, nZVI changes its chemical nature
6 and crystal structure related to the oxidation/corrosion of nZVI.
7 This process is called aging and plays a crucial role in the
8 decrease in both remediation efficiency and mobility of nZVI.
9 These physical and chemical changes reduce nZVI bioavailability
10 and thus its toxicity. Only a few studies have addressed the
11 changes in nZVI toxicity during its aging 2123, Moreover, none
12 of these studies have focused on the influence of different
13 exposition media on material characteristics during the aging
14 process, which could affect both reactivity and toxicity.
15 Therefore, the main goals of the present study are to i) evaluate
16 the toxicity of bare nZVI particles and their sulfidated
17 counterparts on a single bacterial species and a microbial
18 community of activated sludge and ii) quantify the structural
19 and toxicity changes of nZVI and S-nZVI particles during the
20 course of aging using field-relevant nanoparticle concentrations
21 of 1 and 100 mg/L. To the best of our knowledge, the present
22 study is the first to evaluate the toxicity and structural changes
23 of S-nZVI particles during aging and could help uncover the
24 environmental fate of nZVl particles and their sulfide
25 modifications after their application in groundwater treatment.
26
27 .
28 Materials and methods
29 Synthesis, aging and characterization of S-nZVI particles
30 The commercially available nZVI particles NANOFER 25P
31 (pyrophoric nanoparticles in the form of a powder; NANO IRON,
32 Czech Republic) were used in all experiments. Prior to use, dry
33 nZV| powder was stored in an airtight container under inert
34 atmosphere inside a Ny-filled glove box. Sodium sulfide
35 nonahydrate (298.0%, Sigma-Aldrich) was used as the
36 sulfidation agent. Water was purified in the laboratory using a
37 Milli-Q water system (Millipore). S-nZVI particles were prepared
38 by the wet treatment of nZVI particles in agueous solutions of
ig different concentrations of sodium sulfide. These solutions
0 were added to NANOFER 25P type nZVI particles to yield an nZVI
41 concentration of 242 g/L and nominal S/Fe mass ratios of
42 0.0025,0.01 and 0.05 (0.25%, 1% and 5% S-nzV, respectively).
43 After the addition of the sodium sulfide solutions, the mixtures
44 were immediately dispersed using a T25 ULTRA-TURRAX®
45 gisperser (IKA) at 11,000 rpm for 2 min. The vials were then
46 sealed and allowed to react for 60 min on an orbital shaker (160
:7 rpm). Reference pristine nZVI was prepared by dispersing
8 NANOFER 25P particles in purified water using the same
49 procedure. Subsequently, all nZVI-based materials were diluted
50 to a final concentration of 100 or 10 mg/L in purified water and
51 placed in a dark refrigerator (5 °C) without mixing and allowed
52 to age for 7, 14, 30 or 60 days. Static aging at low temperature
53 was chosen to simulate the behavior of a material injected into
54 an underground well with limited water flow. The aged particles
55 were diluted in exposure medium prior to toxicity tests to reach
56 the tested concentrations (i.e., 100 and 1 mg/L).
57 The key material characteristics were determined by a
gg combination of X-ray powder diffraction (XRD), electron
60

2 | Environ. Sci.: Nane,2019, 00, 1-11

Environmental Science: Nano

microscopy, and particle size distribution on freshly prepared
samples as well as on samples collected during the aging
experiment. The X-ray powder diffractometer EMPYREAN
(PANalytical, B. V.) operating in Bragg-Brentano geometry was
equipped with an iron-filtered CoK, radiation source,
programmable divergence and diffracted beam antiscatter slits
and a fast PlXcel detector. The XRD patterns were measured in
a 20 range from 5 to 105°. Data were processed using High
Score Plus software in conjunction with the PDF-4+ and ICSD
databases, and the relative contribution of the individual
crystalline phases was calculated. The morphology and
elemental distribution of the S-nZVI/nZVI particles were
characterized with transmission electron microscopy (TEM)
with a JEOL 2100 microscope at an electron acceleration voltage
of 200 kV. The elemental analysis was performed with an X-
MaxN 80T SDD EDS detector (Oxford Instruments). Moreover,
the particle size distribution was determined by Zetasizer Nano
(Malvern Instruments Ltd), and final results were obtained
using a 10 second autocorrelation function. Finally, each
liquid/suspension sample was quantitatively examined for the
dissolved iron and dissolved sulfur species (i.e., sulfide) by ICP-
MS.

Experimental setup

The aging experiment was designed to monitor the
physicochemical characteristics (see above) and to evaluate the
changes in toxicity of the S-nZVI particles using a model bacteria
species, i.e., aerobic Pseudomonas putida during two months of
aging. Two other routine tests were also used to evaluate the
possible negative impact of these nanoparticles on the
microbial communities of activated sludge. The whole
experimental setup for the toxicity evaluation is summarized in
Table 1.

Bacterial culture and growth conditions

Gram-negative P. putida (CCM 7156) was obtained from the
Czech Collection of Microorganisms, Masaryk University, Brno,
Czech Republic. The bacterial inoculum was always prepared
fresh from a single colony grown overnight in soya nutrient
broth (Sigma Aldrich) (aerobic conditions at 27 °C).

Exposure of the bacterial culture to the nZVI and spot test

The method of exposure was recently described elsewhere 2425,
The cultures were diluted to achieve an optical density OD =
0.01-0.02 at 600 nm (ODBOO) wusing a UV-Vis
spectrophotometer (Hach Lange DR6000). Briefly, each nZVI
suspension was added to the fresh bacterial culture to obtain
final particle concentrations of 1 or 100 mg/L. Cell growth
without nZVI was considered a control. Each experiment was
performed in triplicate. Afterwards, the exposition plates were
kept in the incubator at the above-mentioned growing
conditions. The sampling was performed after 6 h and 24 h, and
the spot test was carried out following a previously described
method 2627,

This journal is © The Royal Society of Chemistry 20xx
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Table 1 The experimental design of the toxicity tests.

Microorganisms Exposure time

Exposure medium Growth/exposure

Toxicity test
conditions

P. putida 24 h Soya broth Growth inhibition
3h Aerobic, 27 °C Oxidative st =
Carbonate buffer ),“ Ve STress .
malondialdehyde production
Microbial community 24 h Respiration of activated sludge

in activated sludge 7d,14d

Activated sludge

Aerobic, 22 °C
Phospholipid fatty acid analysis

Determination of malondialdehyde

The determination of malondialdehyde as an oxidative stress
product was performed according to a previously developed
protocol 1°. Briefly, the bacterial culture was cultivated
overnight and then concentrated by centrifugation to reach a
final concentration of 10? cells/ml. Final resuspension was
performed using an exposition buffer (carbonate buffer; pH 7),
and the bacterial suspension was exposed to nanoparticles with
different extents of aging (9:1 bacteria:nanoparticle
suspension). At the beginning of the whole aging experiment
(i.e., aging time O days), the dose-response curve was measured
for each nanomaterial, and the ECs; was calculated as well as
ECsqcorrected according to our previously published protocol 2.
The production of malondialdehyde during the nanoparticle
aging process was measured only for two particle
concentrations, i.e., 1 mg/L and 100 mg/L.

Respiratory activity and PLFA analysis of activated sludge

The effect of S-nZVI on the microbial community in activated
sludge was assessed following a modified version of the method
according to ISO 9408 (IS0, 1999) described in detail in Esquivel-
Gaon et al. 28 To determine the production and consumption of
respiratory gases such as oxygen and carbon dioxide, the
respiratory activity was measured with a Micro-Oxymax
respirometer (Columbus Instruments International, USA). The
samples were exposed to 100 mg/L of the nanomaterials and
prepared in duplicate, and the results were evaluated as the
mean of the total oxygen accumulation detected in two
individual samples (48 h).

After the respiration test, the samples of activated sludge were
further incubated under aerobic conditions for 7 or 14 days.
Then, phospholipid fatty acid (PLFA) analysis was performed to
estimate the active bacterial biomass. All samples were first
freeze-dried, and afterward, the pellet was processed according
to a standardly used protocol consisting of extraction,
purification, transmethylation and analysis of the formed
methyl esters by GC-MS (EVOQ, Bruker) 22, Each monitored
group of microbial biomass was quantified as a sum of the
methyl ester markers (for G+ bacteria: i14:0, i15:0, a15:0, i16:0,
i17:0 and a17:0; for G- bacteria: 16:1w7, 18:1w7, cy17:0, cy19:0;
for anaerobic bacteria: cy17:0, cy19:0; for fungi: 18:1w9; and for
actinobacteria: 10Me18:0, 10Mel6:0, 10Me17:0).

This journal is © The Royal Society of Chemistry 20xx

91

Results and discussion
The corrosion of S-nZVI during the aging process

The main goal of the present study was to evaluate the extent
of corrosion and the changes in the toxicity of variously
sulfidated nZVI particles over a 2-month aging period. To the
best of our knowledge, only several authors have studied the
toxicity of S-nZVI or the toxicity profile over time, and none of
these studies provided a detailed material characterization
during the aging process, which is crucial for understanding the
behavior of the nanoparticles 3%, Moreover, the present study
is the first to describe the toxicity evaluation of 3 novel
materials (0.25, 1 and 5% S-nZVI) along with the structural
changes of 5-nZVI during a two-month aging period.

The XRD patterns of bare nZVI and S-nZVI particles (Tab. 2)
revealed that the major phase forming in the nanoparticles was
a-Fe (>90%), with characteristic peaks at 52.5° and 99.5° 26.
Magnetite (Fe?*Fe3*,0,) and wustite (FeO) were the minor
crystalline  phases representing artifacts
manufacturing procedure 32. No sulfur-containing phases were
observed in the XRD pattern of fresh 5-nZVI due to its low
concentration and/or low degree of crystallinity of FeSx,

from the

forming a thin shell 1. Over the course of aging, the abundance
of the a-Fe phase decreased gradually in all of the synthesized
materials (see Table 2) as a result of iron corrosion in water. The
main corrosion products included magnetite, lepidocrocite and
trébeurdenite for nZVI, and magnetite and trebeurdenite/green
rust/iron hydroxide for S-nZVl. The differences in the
abundance of iron oxidation products among the different
materials are likely due to the different surface properties of the
variously treated nZVI particles (i.e., the extent of coverage on
the nZVI surface by iron sulfides) and possibly also by different
conditions (pH and ORP) and the
concentration of dissolved Fe in the aged suspensions.

physicochemical

Environ. Sci.: Nano,2019, 00, 1-11 | 3
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Table 2 The phase composition of nZVI and S-nZVI samples aged for up to 60 days in water at 5 °C. The data are derived from

XRD measurements (i.e., from guantitative phase analysis).

% Abundance of crystalline phase

Iron

Material type Aged (days) a-Fe Lepidocrocite Magnetite Trébeurdenite Green rust Wustite hydroxide

freshly

prepared 95.6 0 3.5 0 0 0.9 0
nZvl 7 86.7 2.0 9.3 0.9 0 1.1 0

30 83.6 8.1 6.0 13 0 1.0 0

60 35.3 36.7 23.9 1.3 0 0.9 1.9

freshly

prepared 96.4 0 2.9 0 0 0.8 0
0.25% S-nzZVI 7 86.8 0 12.0 0.5 0 0.7 0

30 74.3 0 23.6 0.9 0 0 1:2

60 43.6 4.0 48.8 0 0 0 3.5

freshly

prepared 95.4 0 3.5 0 0 1.1 0
1% S-nZVI 7 90.7 0 8.0 0 0 1.3 0

30 82.6 0 15.1 0 1.4 0.9 0

60 71.3 0 22.0 0 1.7 1.0 4.1

freshly

prepared 95.2 0 4.1 0 0 0.7 0
5% S-nZVI 7 96.1 0 3.9 0 0 0 0

30 76.5 0 4.3 19.2 0 0 0

60 78.6 0 6.0 15.4 0 0 0

The abundance of magnetite, a typical product of long-term iron
oxidation, increased, and it was most dominant oxidation
product formed, except for a few samples of bare nZVI and 5%
S-nZVI. In the case of nZVI, lepidocrocite (y-FeO(OH)) was found
to be the dominant oxidation product formed after 30 and 60
days of aging. Interestingly, the abundance of this mineral was
mostly negligible in all S-nZV] samples except the 0.25% S-nZVI
sample, which had the lowest content of sulfide. Trébeurdenite
(Fe?*,Fe3*,0,(0H);C03-:3H,0), a member of the fougérite
mineral group, represented 19.2% and 15.4% of the crystalline
phase in the 5% S-nZVl sample after 30 and 60 days,
respectively. A higher contribution of a-Fe was observed at the
end of the aging experiment for materials with an increasing
sulfur dose, thus confirming the inhibitory effect of sulfur
treatment on iron corrosion 121214 TEM micrographs of freshly
prepared nZVl and 5% S-nZVI particles reveal that both
materials are composed of nearly isometric particles that are
approximately 80 nm in size. While the S-nZVI particles after 60
days of aging are covered by sheet-like nanocrystals of
corrosion products, the nZVI particles are nearly completely
transformed into lamellar reaction products due to extensive
corrosion (Fig. 1).

The results of the particle size distribution analysis of the nZVI
particles performed in the carbonate buffer showed an
increasing trend in the size of the nanomaterials during the
aging process, which corresponds with the TEM observations
(i.e., the growth of relatively large reaction products; Fig. 2). The
obtained results confirm that during the course of aging, nZVI

4 | Environ. Sci.: Nane,2019, 00, 1-11

undergoes intensive oxidation, resulting in the formation of
larger crystals of iron oxides and their aggregates. It is worth
noting that the size distribution of all the S-nZVI materials
showed a similar pattern that was significantly different from
the bare nZVI (Fig. 2). After one week of aging, the apexes of the
size distribution curves of the sulfidated materials surprisingly
shifted to slightly lower values. This effect was observed in all
tested S-nZVI materials and suggests that after a short time of
aging, the particles and/or aggregates of S-nZVI decrease in size.
This effect seems to be analogous to the so-called activation
process observed on surface-passivated air-stable nZVI particles
33, The activation is explained as partial degradation/reductive
dissolution of the compact iron oxide shell on nZVI (i.e., in this
case, partial dissolution of FeS or iron oxides/hydroxides that
could be expected at higher concentrations of S-nZVI particles
in water), leading to the partial disintegration of the nzZVi
particle aggregates. Nevertheless, this downsizing effect was
not permanent, and the particle size reached the same
distribution as at the beginning of the experiment within two
weeks and remained similar until the end of the aging
experiment. Comparing the S-nZVI materials with bare nzVI, it
is obvious that the nZVI curves correspond to substantially
larger particles after 2 weeks of aging. The size distribution of
the S-nZVI particles also supports the results of XRD and
confirms the stabilization of nZVI via sulfidation, thus being in
full accordance with the previously proposed mechanisms of S-
nZVI interaction with water (e.g., Fan et al., 2017 11).

This journal is © The Royal Society of Chemistry 20xx
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days, C) fresh 5% S-nZVI, D) 5% S-nZVI| aged 60 days.

Toxicity of fresh S-nZVI particles

The toxicity results, expressed as the production of
malondialdehyde after exposure to the fresh non-aged
materials, document the dose-dependent production of
malondialdehyde representing the level of oxidative stress (Fig.
3). The EGCspeomectes Values were calculated according to a
resulting from the receptor theory where the
correction was performed with respect to different maximal
production values of malondialdehyde 34, This already verified
protocol enables the direct evaluation of EC values regardless
of the maxima of the dose-dependent curves 9. At the
beginning of the aging experiment, the highest toxicity was
observed for bare nZVI and then decreased with increasing
sulfur content in the shell of the nanoparticles as follows: 0.25%
S-nZVI> 1% S-nZVI > 5% S-nZVI. The tendency of the decrease in
the toxicity clearly corresponds to the sulfur content in the shell
of the nanoparticles and, thus, to the extent of the protection
of the Fe® core against the direct interaction of the iron atoms
with the surrounding media (i.e., causing the oxidative stress).
This is again in full accordance with the observed trends for the
corrosion of the nZVI/S-nZVI particles (see above).

Since other oxidative stress assays (glutathione and lactate
dehydrogenase) are not applicable for nZVl materials due to

formula

This journal is © The Royal Society of Chemistry 20xx
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undesired interactions with the assay components,
malondialdehyde, as well as other aldehydes, appeared to be
suitable markers to evaluate this mode of action caused by the
nanoparticles. When employing the same protocol to compare
bare nZV| and three nZVI| types coated with oxide shells of
different thicknesses, the oxidative stress marker was
substantially lowered by increasing the shell thickness *°. Similar
to the present study, the concentration of the oxidative stress
marker was substantially lowered by increasing the extent of
nZV| coverage by iron sulfides, i.e.,, with increasing sulfur
content.

Nevertheless, the obtained data describe a possible toxicity risk
related only to the freshly applied materials. It is noteworthy
that the exposure of nZVI to many environmental factors during
the remediation process leads to structural changes caused
mainly by its oxidation, sorption and aggregation. Several days
or weeks after injection into groundwater, only a small amount
of nZVI (i.e., Fe? in the remaining particles) typically persists in
the reactive form, and therefore, the respective toxicity will no
longer be the same as in the case of the freshly prepared nZVI
particles 5. Therefore, the logical assumption supported by the
results from recent studies 12335 is that the nanoparticle
toxicity significantly decreases over time.

Environ. Sci.: Nano,2019, 00, 1-11 | 5
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Fig. 2 The evolution of the particle size distribution for nZVI/S-nZVI samples during the course of aging in carbonate buffer.
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Fig. 3 The dose-response curves of malondialdehyde production with the corresponding ECsy and corrected ECsg
values for sulfidated and bare nZVI materials at the beginning of the aging experiment (0 days, P. putida). The data
are the mean t standard deviation of three replicates.
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Toxicity of S-nZVI particles during the aging process

To investigate the possible course of toxicity caused by chemical
and physical changes during aging of the nZVI particles, a 60-day
experiment was performed in water. The toxicity levels of the
sulfide-modified nZVI particles expressed as malondialdehyde
production during the aging processes are shown in Fig. 4.
Contrary to our original assumption that the nanoparticle
toxicity will constantly decrease over the course of nZVI aging,
the results are not in agreement with the aforementioned
hypothesis. The influence of the aging process on the oxidative
stress level was tested at two concentration levels. It is worth
noting that even the low particle concentration (1 mg/L)
indicated a certain increase in malondialdehyde production
compared to the control samples (i.e., those not exposed to the
nanoparticles); however, the results are burdened with very
high experimental error and are thus not interpretable and
applicable. However, we obtained more interpretable results
with the higher concentration of the particles (100 mg/L). The
toxicity of bare nZVI was not significantly different (P = 0.05)
after 7 days of incubation in comparison with the initial values,
and the toxicity of the bare particles started decreasing during
further aging. However, the malondialdehyde production
caused by all the sulfide-modified materials increased
substantially after the first 7 days. Oxidative stress reached
similar levels in the cases of 0.25 and 1% S-nZVI and bare nZVI.
Nevertheless, the concentration of malondialdehyde dropped
with a further increase in time and a further increase in the
content of sulfur in the nZVI particles.

A similar pattern of increasing toxicity during the aging of the S-
nZV| particles was determined by the cultivation spot test using
the same bacterial species. A concentration of 1 mg/L did not
exhibit any inhibition, and the results after exposure to 100
mg/L are shown in Table 3.

No negative effects were observed at the nZVI concentration of
1 mg/L using the spot test. However, at the beginning of the
experiment with the 100 mg/L nZVI particles, an inhibitory
effect was observed after a 6 h of exposure to the iron
nanoparticles (except for the 5% S-nZVI). Similar to
malondialdehyde, the inhibitory effect lasted for 7 days and
decreased below the limit of observation within two weeks. The
observed negative effect after 24 h of exposure to S-nZVI
supports the previous results and suggests an increase in
toxicity after the first few days.

Finally, to evaluate the potential negative effects of the tested
nanomaterials on the microbial community present in the
activated sludge from water treatment plants, two assays were
used. First, a commonly used test that indicates the vitality of
activated sludge (inhibition of respiration of the activated
sludge) was applied. Then, PLFA analysis was performed to
investigate potential changes in the microbial community. With
respect to the conditions of the test and possible necessary
exposure time, all of the nZVI-based materials were incubated
for 48 h with respirometric detection and incubated for another
7 and 14 days for PLFA analyses. During the respiration test, no
negative effects were observed at any concentration of the
tested nZVI particles (data not shown). Additionally, no
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significant negative effects, i.e., a shift in the microbial
community or any decrease in the microbial biomass compared
to the control sample during the whole aging process were
observed using the PLFA method (data not shown). Although
the respiration test and the PLFA method are routinely used for
similar studies 3%, obviously in this case, the methods with
sludge cultivation were not applicable. A possible explanation is
the complex microbial community with high biomass in the
sludge that is less sensitive to the adverse effects of the tested
nanoparticles, together with the high content of organic
substances that can interact preferentially with the reactive
species originating from the nZVI materials. Another possible
explanation for this phenomenon that can contribute to the
lower toxic effects in the sludge was obtained from the XRD
analyses of aging in the sludge medium (see discussion below,
Table 4). These results document accelerated aging even after
48 h. A similar lack of negative effects or minimal impacts of
nanoparticles on the sludge microbiome at lower
concentrations were observed in many studies **#% During
aging of the nZVI particles, a-Fe is mainly oxidized into iron
oxides and hydroxides. However, this process is also
accompanied by the release of soluble ferrous ions and the
formation of radical oxygen species. Many authors therefore
connect the toxicity of nZVI to the generation of Fe?* ions during
the oxidation 4%*. Considering the low solubility of Fe?*
hydroxides, the iron determined by ICP-MS will be
predominantly in the form of Fe?*, which is much more soluble
4 The results showed that in the case of the carbonate buffer,
the background level of dissolved iron was below the LOD (LOD
= 0.02 mg/L), and the Fe?* ions started to appear after one
month of aging and were detected at the same level even after
two months of aging (30 and 60 days: 3.56 + 2,50 and 3.68 +
0.93 mg/L, respectively), which does not correlate with the
decreasing toxicity trend. The exposition media used for the
spot test (soya broth) originally contained a trace concentration
of Fe?* (0.81 mg/L). The increasing concentration of Fe?* ions in
this case also did not correspond to the toxicity results where
the toxic effect is the most pronounced after the first week of
aging and decreased over the course of aging. Overall, the
results of the dissolved iron and 4 independent toxicity tests
showed that at the tested concentrations, the toxicity was not
affected by the dissolved iron ions.

Other inorganic compounds that could have a toxic effect on the
tested microorganisms are sulfide species (H;S, HS and 5%) that
could leach from the sulfidated nZVI materials or that could be
created by the reduction of the present sulfate by nZVI in
exposure media. Nevertheless, dissolved sulfur was not
detected (LOD=0.025 mg/L) in the exposure media without or
with low inorganic sulfur content (in the carbonated buffer, nor
in the activated sludge), which suggests that the toxicity is also
not caused by dissolved sulfur evolving from S-nZVI.

The toxicity results could be affected by many factors, and it is
important to bear in mind that even the time necessary for the
exposure for a respective assay can influence the tested
nanomaterials. Aggregation of nanoparticles in exposure
medium is one of the most discussed factors that could lead to
the underestimation or overestimation of the nanotoxicological
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28
gg results 4>46, The present study addresses nanomaterials based s likely due to i) a longer exposure (48 h) compared to the other
31 on nZVI, which are known to be highly reactive/unstable. media and ii) bicarbonate content. Bicarbonate solution was
32 To evaluate the influence of different media and time of the previously found to accelerate iron corrosion 7. In the present
33 exposure on the character of the nanoparticles (nZVI and 5% S- study, the bicarbonate buffer also slightly promoted iron
34 nZVl), XRD and TEM analyses were performed. Nevertheless, corrosion despite the relatively short exposure time (3 h). A
35 the TEM analysis results (data not shown) did not differ from higher abundance of trébeurdenite was found in the case of the
36 aging in water (Fig. 1). The results of the XRD analyses are particles exposed to sewage sludge (48%) and in the
37 displayed in Tab. 4. The XRD-derived phase composition of the bicarbonate buffer (up to 6%), indicating the tendency of
38 particles exposed in the diluted soya broth and carbonate buffer aqueous carbonate incorporation into the corrosion products.
39 after the respective exposure times necessary for the tests were  The complexity of the sludge medium accelerated the corrosion
40 generally similar to the phase compositions of the particles of the nanoparticles, better reflecting the environmental
41 before the exposure, which means that the media did not conditions, and this phenomenon could cause negative results.
42 significantly alter the phase composition of the particles. It is noteworthy that the nZVI-based nanomaterials are typically
43 Therefore, the results document that the conditions (mediaand injected into contaminated soils and aquifers where the matrix
44 time of exposure) of these assays are suitable for testing the is complex, and faster aging will decrease the risks coupled with
45 toxicity of the nZVI particles. their applications.
46 Nevertheless, greater corrosion after exposure of the materials
47 was observed, particularly in the sewage sludge medium, which
48 Table 3 Visuals of bacterial growth in colonies by the spot test exposed to 100 mL of the aged nanomaterial during the 60-day
49 aging experiment. The inhibition of bacterial growth is marked with “-” while no effect is marked with “0”.
50
g; Day 0 Day 7 Day 14 Day 30 Day 60
53 6 h 24 h 6h 24 h 6 h 24 h 6 h 24 h 6h 24 h
54 Control 0 0 0 0 0 0 0 0 0
55 nZvi - 0 - 0 0 0 0 0 0 0
56 0.25% S-nZVI - 0 - - 0 0 0 0 0 0
g; 1% S-nZVI - 0 - - 0 0 0 0 0 0
59 5% S-nZVI 0 0 - - 0 0 0 0 0 0
60
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Table 4 The phase composition of nZVI and S-nZVI (5%) samples aged for 60 days in water and subsequently exposed to the
respective media within the respective exposure times of the toxicity tests. The data are derived from XRD measurements
(i.e., from quantitative phase analysis). Only the detected crystalline phases are displayed.

% Abundance of crystalline phases

Exposure medium/time a-Fe Lepidocrocite Magnetite Trébeurdenite
nZVI 60 days aged
Carbonate buffer 3h 36.2 34.8 26.4 2.6
Soya medium 24 h 325 33.7 323 1.5
Sewage sludge 48 h 24.4 40 25.3 10.2
5% S-nZVI 60 days aged
Carbonate buffer 3 h 74.3 0 6.1 19.6
Soya medium 24 h 78.2 0 9.5 12.3
Sewage sludge 48 h 1.4 86.6 11.1 0.9
Conclusion was less sensitive; nevertheless, the results are in agreement

In this study, we investigated the toxicity and aging behavior of
novel sulfur-containing nZVl materials in comparison with the
common, commercially available bare nZVlI NANOFER 25P. The
first aging experiment in water revealed that the sulfidated
materials were more stable and thus less susceptible to the
formation of the oxidized forms of ferric/ferrous minerals. The
stability was much more pronounced with an increasing sulfur
content in the nanoparticles. The results were confirmed by
TEM analysis and particularly by particle size distribution
analysis. The size distribution analysis results showed that,
contrary to the sulfidated nanoparticles, bare nZVl tended to
form substantially larger aggregates represented by shifted and
broader peaks as described in the size distribution curves. In
other words, the sulfidated materials appeared to be greatly
stabilized, with very slight changes in the distribution even after
2 months of aging. Regarding the toxicity of these materials, the
sulfidated nanoparticles were tested using an optimized
protocol for the estimation of oxidative stress via the analysis of
malonylaldehyde. The data provided a clear comparison of
corrected ECsg values that documented the limited toxic effects
of the fresh sulfidated materials in comparison with the bare
nZVI. These results with improved selectivity toward organic
pollutants, as documented by other authors, support the
applicability of sulfidated nZVI nanomaterials for remediation
purposes.

However, attention has also been paid to the toxic effects of the
aged materials. The malonyldialdehyde assay was employed at
two environmentally relevant concertation levels, and at 1
mg/L, the test was not sufficiently sensitive and reliable. The
result from the 100 mg/L concentration showed that the
production of malonyldialdehyde caused by the sulfidated
materials increased significantly after the first 7 days, reaching
the same levels as the nZVI particles. Nevertheless, the
concentration of malondialdehyde dropped with increases in
the time and the content of sulfur in the materials and showed
significantly lower toxicity in comparison with the bare nZVi.
These results were confirmed with the cultivation spot test that
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with findings from the oxidative stress assay. Notably, we did
not detect any elevated concentrations of dissolved sulfide or
iron ions that could explain the toxicity changes during the
course of the aging experiment. Additionally, we also employed
other tests, including the respiration of activated sludge and the
PLFA analysis of the microbial community in the sludge;
however, we did not obtain any significantly different results
after exposure to the different nanoparticles. Due to this fact,
we tried to investigate the effects of the cultivation media, the
conditions of the assay and the material analyses of the
nanoparticles that were performed after the respective
duration of the tests. The results revealed that 48 h of exposure
to the activated sludge caused dramatic composition changes in
the 60-day aged sulfidated materials, which is probably the
reason why these tests are not applicable for the intended
purposes. Nevertheless, from another perspective, the
conditions of the tests reflect the environmental situations in a
more realistic way.

The results of this study show several new findings regarding
the possible toxic effects of nanomaterials that are used or are
promising for remediation practices. The results clearly
document that for the toxicity assessment, the assays must be
very carefully selected, and all of the environmental factors
must be taken into account, including the aging of the
nanomaterials and the influence of the test conditions on the
possible physicochemical parameters of the tested materials.
The data also show that laboratory testing can bring some
interesting preliminary data, e.g.,, the fact that sulfidated
materials are more stable and generally less toxic than bare
nZVI. For this purpose, the protocol of oxidative stress testing
was proven again to be highly suitable; nevertheless, further
testing and research should focus on real environmental
conditions that are present directly at the contaminated sites.
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Nano zero-valent iron aging interacts with the soil
microbial community: a microcosm study

Songlin Wu, ©*2 Tomas Cajthaml,”® Jaroslav Semerad,”® Alena Filipova,”
Mariana Klementova,® Roman Skala,®" Martina Vitkova,? Zuzana Michalkova,?
Manuel Teodoro,? Zhaoxiang Wu,*

Domingo Martinez-Fernandez 2 and Michael Komarek?

Nano zero-valent iron (nZV1) is a promising material for remediating metal(loid)-contaminated soils, but its
aging in the soil ecosystem (unlike intensively studied aqueous systemns) and interaction with soil microbial
communities have not been resolved. In this study, three types of nZVI particles (bare nZVI, nZV| coated
with carboxymethyl cellulose (CMC), or polyacrylic acid (PAA)) were incubated in soils with different micro-
bial community compositions (realized by y-radiation), and their aging was investigated using complemen-
tary microspectroscopic analyses. In addition, the soil microbial community in association with nZV| aging
was assessed by employing DNA sequencing by using lllumina MiSeq. The results revealed a drastic mor-
phological change of nZVI, which was transformed mainly into magnetite with a rough morphology. CMC
coating decreased nZV| aging, whereas PAA coating accelerated it and facilitated magnetite, goethite and
lepidocrocite formation. The y-radiation induced soil microbial community change possibly slowed down
nZVl oxidation ({especially for bare nZVI). Iron-reducing/oxidizing bacteria (Bacillus, Shewanella, and
Sediminibacterium) and fungal strains with a capacity for siderophore production may participate in nZVI
aging. In return, nZVI presence and aging altered soil microbial communities, This study revealed the trans-
formation of nZVI particles into Fe (oxy)hydroxides during aging in the soil ecosystem and their bilateral in-
teractions with the soil microbial community, thus contributing to the assessment of nZVI use in soil
remediation.

Nano zero-valent iron (nZVI) is a promising material for the remediation of contaminated soils, but its function is influenced by its aging and transforma-
tion in soils. To date, most studies on nZVI aging are based on aqueous systems rather than soils. This study is the first investigation on the aging of nZV1
with different polymer coatings in a soil ecosystem by adoption of a “sandwich™like s0il microcosm and its interactions with soil microbial communities.
The results revealed the transformation of nZVI into Fe (oxy)hydroxides regulated by different polymer coating types, as well as the bilateral interactions be-
tween nZVI aging and the microbial eommunities. This study could provide valuable information on engineered Fe nanoparticles’ behaviour and impacts

in the soil ecosystem.

1. Introduction

ducing properties."® However, once in the environment, it
could be easily oxidized to form Fe (oxy)hydroxides,”'" and

Nano zero-valent iron (nZVI) is a promising material for
remediating soils contaminated with pollutants because of
its high specific surface area, high reactivity, and strong re-
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the formation of an Fe oxide layer (e.g., magnetite and goe-
thite) on the surface."’ Furthermore, it has been reported
that emulsified nZVI injected into the subsurface of a
groundwater system was transformed into magnetite,
lepidocrocite, and goethite."* Therefore nZVI oxidation and
transformation (here we call it “nZVI aging”) should be con-
sidered clearly before application.

Bare nZVI usually aggregates readily, owing to attractive
magnetic forces.'® To improve the mobility of nZVI, various
modifications have been done, including surface coating by
carboxymethyl cellulose (CMC)'™'® and polyacrylic acid
(PAA),™'® which are widely reported. CMC is a polyelectrolyte
that carries carboxylate groups in addition to hydroxyl
groups, whereas PAA has a smaller molecular weight and is
reported to be less stable than CMC.'® Besides their func-
tions in nZVI mobility improvement, these polymer coatings
can also influence the reactivity of nzvl'”*®* and thus influ-
ence nZVI aging processes. In fact, in some studies, the trans-
formation of polymer-coated nZVI in the aquatic environ-
ment was investigated.”'” For instance, Dong et al (2016)."
found that CMC coating decreased nZVI aging and altered
nZVI's corrosion products in water.

Currently, most studies on nZVI functions and aging are
performed in the aqueous environment,'"'”'"*" whereas
nZVI aging in the soil ecosystem is seldom addressed. Differ-
ent from aqueous media, such as groundwater, soil is a com-
plex matrix comprising both solid and liquid phases, with a
high organic matter content, high abundance of
phyllosilicates, and with stable physical structures like aggre-
gate hierarchy, making the aging of nZVI rather complex.
More specifically, soil contains numerous microbes that can
be involved in nZVI aging and Fe mineral transformation. In
fact, the interactions between microbes and nZVI have been
reported intensively, including nZVI toxicity to microbial
strains and/or microbial communities. According to Lefevre
et al. (2016),”" nZvl could show cytotoxicity to microbes
through production of Fe*' and various reactive oxygen spe-
cies (ROS) that could cause oxidative stress. For example,
nZVI particles caused physical disruption of the cell mem-
brane of Escherichia coli and thus inactivated the microbial
cells.”* Besides, nZVI could cause elevated malondialdehyde
(MDA) levels in various bacterial strains.”® In our recent
study,* it was found that nZVI could reduce the colonization
of arbuscular mycorrhizal (AM) fungi with maize plant roots.
At the microbial community level, nZV1 could also influence
the soil microbial community composition.>**® However, in
fact, the interactions between nZVI and microbes are sup-
posed to be bilateral. Typical microbes may participate or
play an important role in nZVI transformation (“aging™). For
instance, Ding et al.*’” found that extracellular polymeric sub-
stances of Bacillus subtilis could complex with the Fe(n) (or
Fe(m)) generated by nZVI and thus influence nZVI's aging
and functions in metal (i.e., U) reduction and precipitation.
Thus, it is reasonable to predict that the soil microbial com-
munity may influence nZVI aging. However, little information
is available on bilateral interactions between nZVI aging and
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soil microbial community composition, which would be of
great value in the assessment of nZVI functions and its envi-
ronmental impacts.

The aim of the present study is to investigate the detailed
processes of the aging of nZVI particles with different poly-
mer coatings in a typical contaminated soil ecosystem, con-
sidering its interactions with the soil microbial community.
Different from aqueous media, where the aged nZVI can be
easily collected through sedimentation, centrifugation, or fil-
tration, nZVI can be hardly separated from the soil when
homogenously mixed with soil particles. To solve this prob-
lem, a new three layer “sandwich” incubation system
(“microcosm”) was developed in the present study.
Metal(loid)-contaminated soil we wused previously®® was
employed, and the aging of bare nZVI was compared with
CMC- and PAA-coated nZVI. The soil was partially y-radiated
to prepare a control soil with a different microbial commu-
nity.”® Morphological and mineralogical changes in nZVI par-
ticles at different stages of aging were studied via comple-
mentary microspectroscopic methods. In addition, the
microbial communities in association with nZVI aging were
also investigated using amplicon sequencing (Illumina
MiSeq) and phospholipid fatty acid analysis. We had three as-
sumptions: (1) nZVI in soils could be oxidized and trans-
formed into various Fe (oxy)hydroxides including ferrihydrite,
hematite, magnetite, and goethite; (2) different polymer coat-
ings (CMC or PAA) could influence nZVI aging and transfor-
mation differently in the soils; (3) the aging of nZVI was dif-
ferent in soils with a different microbial community (realized
by y-radiation treatment), and nZVI aging could in return reg-
ulate the soil microbial community composition. This study
provides important information on the transformation of
nZVI particles in relation to the microbial community in the
soil ecosystem and thus contribute to the understanding of
nZVI behavior and impacts in the complex soil ecosystem.

2. Materials and methods

2.1. nZVI preparation

Bare nZVI was provided by Nano Iron Ltd. (Rajhrad, Czech
Republic) in the form of a surface-stabilized nanopowder
(NANOFER STAR). The nZVI particles were surface coated
with a thin layer of Fe oxides, which protected the nZVI from
immediate oxidation (Fig. S17). To activate the nZVI particles,
NANOFER STAR was put into demineralized water (solid : wa-
ter = 1:4 (w/w)) and mixed for 10 minutes in a high-shear
mixer, then the suspension was kept at room temperature (25
+ 1 °C) for 48 h, according to the manufacturer’s instructions.
In this way, Fe oxides on the surface could be removed (Fig.
S17), and the nZVI particles could reach the highest activity.
For CMC-nZVI synthesis, active bare nZVI particles were pre-
pared from NANOFER STAR as described above and then dis-
persed in a CMC (the molecular weight is 90 kg mol?,
Sigma-Aldrich, Saint Louis, Missouri, USA) solution. The mix-
ture was ultrasonicated for 30 min to facilitate CMC-nZVI
formation."” The final nZVI concentration was 20% (w/w),
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and the final CMC concentration was 3% (w/w). Polyacrylic
acid (PAA)-nZVI was provided by Nano Iron (Czech Republic),
with a composition of 20% (w/w) nZVI and 3% (w/w) PAA (the
molecular weight is 1.8 kg mol).>? The newly formed nZvI,
CMC-nZVI and PAA-nZVI were analyzed by attenuated total
reflection Fourier-transform infrared (ATR-FTIR) spectroscopy
by using a Cary 630 FTIR (Agilent Technologies) (after freeze-
drying) to investigate the possible mechanisms of polymer
coating adsorption on the nZVI particles. The pH values of
fresh nZVI particle samples were determined in water extracts
(solid : water = 1:10 (w/v)) by using a pH electrode (TPS 900-
P). The N,-BET (Brunauer-Emmett-Teller) specific surface
area (SSA) of the CMC-nZVI particles was measured by nitro-
gen sorption at 77 K using a Micromeritics Tristar 3020
(Micromeritics Instrument Corporation, Norcross, GA, USA).

2.2. Soil collection and characterization

The soil was collected from the alluvium of Litavka River
(Pfibram District, Czech Republic), which has been contami-
nated via intensive smelting activities in the past. The soil
consisted of 75% sand (50-2000 um), 20% silt (2-50 um),
and 5% clay (<2 um) and contained mainly quartz, albite, ka-
olinite, chamosite 1M, and muscovite 2M1 as revealed by
XRD analysis (Fig. S21). Details on the soil physico-chemical
characteristics are shown in Table S1.f Prior to the experi-
ment, the soil was air-dried at room temperature, homoge-
nized and sieved through a 2 mm stainless sieve.

2.3. Experimental design

2.3.1. Assessment of colloidal stability. A sedimentation
trial was set to assess the colloidal stability of nZVI with dif-
ferent coatings (bare nZvl, CMC-/PAA-coated nZVI). The sus-
pensions of the three types of nZVI were diluted 10 times

(a)

2-mm thick soil -
surrounding < |
nylon layer with T
nZVI inside
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(2% (w/w) nZVI) using deoxygenated Milli-Q water (with N,
supply in a closed vial) to facilitate the following absorbance
detection. A volume of 20 mL of the suspensions was put into
the 25 mL glass vessels (three replicates for each nZVI type),
and the absorbance at 508 nm over time (0, 10, 20, 30, 40,
50, and 60 min) was determined through an ultraviolet
spectrophotometer (Cary 60, Agilent Technologies, California,
USA). All measurements were made at 24 + 1 °C,

2.3.2. Microcosm experiment: nZVI aging in the soil eco-
system. To investigate nZVI aging in soils, a microcosm incu-
bation study was performed. Rather than mixing nZVI parti-
cles with soils, those nZVI particles were put on a 37 um
nylon net bag (a “nylon net layer”) in the middle of the soil
column filled with 250 g of soil (Fig. 1), by which the nzvi
particles and its aging products could be readily collected af-
ter different periods of incubation (Fig. 1 and S31). Besides,
the potential interactions between the microbial community
and nZVI can also be investigated as the mesh of 37 um per-
mits penetration of nearly all bacterial and fungal cells or
mycelium (the diameter of most microbes is less than 30
um®’). Batches of 0.8 g of the three types of fresh nZVI mate-
rials (bare nZVI, CMC-nZVI and PAA-nZVI particles, were all
settled from the suspension) were prepared and deposited in
the 37 um nylon net layer. A control treatment of no nZVl in
the nylon layer was also set to confirm whether soil particles
could penetrate the nylon net and whether the nZvl layer
could influence the microbial community in the surrounding
soils. To test the influence of soil microbial communities on
nZVI aging, half of the soil was treated with y-radiation (at a
dose of 20 kGrey; ®Co source with an irradiation rate of ca.
50 Grey per min), resulting in eight treatments in total (bare
nZvVl, CMC-nZVl, PAA-nZVI, and no nZVI in a “nylon net
layer” inserted in soil with and without y-radiation). Here we
used y-radiation, because it was reported to be effective in

Soil minerals
Soil microbes

nZVI particles

37-pm nylon net

Fig. 1 Diagram showing the microcosm incubation system (a); the photos show the actual incubation system (b and ¢) and sampling process (d,
nZVl on the nylon net; e, ca. 2 mm soil attached to the nylon net). At harvest, nZV| particles on the nylon net (d) and 2 mm soil layer (e)
surrounding the nylon net with nZV| were collected for phospholipid fatty acid (PLFA) analysis and DNA extraction followed by sequencing

(llumina MiSeq) to characterize the bacterial and fungal communities.
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the alteration of the soil microbial community (through kill-
ing most microbes) with little influence on the soil physico-
chemistry (compared with other methods like autoclaving).*®
Each treatment had 24 pots (6 replicates and 4 time inter-
vals), resulting in 192 pots in total. Within the 6 replicates, 3
were collected for spectroscopic analysis of Fe speciation and
the other 3 for microbial community analysis. The pots were
loosely covered with aluminum foil to allow air exchange and
incubated in a temperature controlled chamber (sterilized
with 75% v/v alcohol from time to time) under a constant
temperature of 25 + 1 °C for 56 days. Sterilized Milli-Q water
was added into the pots regularly to maintain ~55% of the
water holding capacity of the soils. It is essential to point out
that the air-drying and rewetting could influence soil micro-
bial respiration and functions towards organic matter decom-
position and nitrification (known as the “Birch Effect™'), as
well as the microbial community in the soils;** therefore, the
present study investigated the interactions of nZVI aging with
the soil microbial community that recovered from rewetting
of air-dried soils. Individual nZVI samples were collected af-
ter 1, 7, 28, and 56 days. Of the 6 replicates, 3 of the original
nZVI materials (and their aging products) were lyophilized
for 48 h and then stored in a vacuum desiccator to avoid oxi-
dation until spectroscopic analysis, whereas the other 3 were
collected and stored at —80 °C for microbial community anal-
ysis i.e. phospholipid fatty acid (PLFA) analysis and DNA se-
quencing. It is essential to point out that we were not able to
detect PLFA and isolate DNA directly from the nZVI particles
and its aging products in the nylon layers even after 56 days’
incubation. This may be due to the high oxidative stress of
nZVI materials, resulting in low microbial colonization of the
nZVI layers. To investigate potential interactions between the
soil microbial community and nZVI aging, we collected sam-
ples of the soil surrounding the nZVI (within 2 mm, sup-
posed to be intimately associated with nZVI) for microbial di-
versity analysis (Fig. 1 and S$3%1). The activities of the
microbes in this soil layer may influence nZVI aging and, in
return, nZVI can influence the microbial community.

The soils surrounding the nZVI layer were stored at —80 °C
until PLFA and DNA extraction and amplicon sequencing
analysis. Part of the soils was also air-dried for physico-
chemical analysis.

2.4. SEM, TEM/SAED, XRD, ATR-FTIR, and Raman analysis

The morphology of the nZVI particles and their aging prod-
ucts were analyzed vig scanning electron microscopy (SEM;
TESCAN Brno, Czech Republic) and transmission electron
microscopy (TEM; FEI Tecnai TF20, Massachusetts, USA) with
electron dispersive X-ray spectroscopy (EDX; 125 eV, Bruker
Nano, Berlin, Germany) (see details in the ESIf). The nZVI
mineralogy and aging products were analyzed using X-ray dif-
fraction (XRD; Bruker D8, Bruker, Germany), attenuated total
reflection Fourier-transform infrared (ATR-FTIR, Cary 630
FTIR, Agilent Technologies Co. Ltd., California, USA) spectro-
scopy, and Raman analysis (MonoVista CRS+, S&I, Warstein,
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Germany). Detailed methods of the XRD, ATR-FTIR and Ra-
man analysis are shown in the ESLf

2.5. PLFA and high-throughput sequencing of the microbial
community

The microbial biomass in soils of different treatments was
analyzed by the phospholipid fatty acid (PLFA) method,
which is shown in the ESL{ For sequencing by using Illumina
MiSeq, total DNA for microbial community analysis was
extracted in triplicate from all the samples using a PowerSoil
DNA Isolation Kit (MoBio Laboratories Inc., Carlsbad, Califor-
nia, USA) and purified using a GENECLEAN Turbo Kit (MP
Biomedicals, Santa Ana, California, USA), following the man-
ufacturer's instructions. PCR amplification of the fungal ITS2
region of DNA was performed using the barcoded primers
gITS7 and ITS4.*® The V4 region of the bacterial 16S rRNA
was amplified using the barcoded primers 515F and 806R.*
PCR was performed in triplicate for each sample, and the
resulting amplicons were purified, pooled, and subjected to
sequencing on the Ilumina MiSeq platform as an external
service (GeneTiCA, Brno, Czech Republic). The amplicon se-
quencing data were processed using the SEED 2.1.03 pipe-
line.*” Briefly, pair-end reads were merged using fastq-join.”®
Two external algorithms implemented in Vsearch®” and
Usearch® were used to perform clustering of similar se-
quences into OTUs (Operational Taxonomic Units) and chi-
mera removal. Subsequently grouping sequences at a 97%
level of identity was performed. The data were rarefied using
4808 randomly selected sequences per sample for fungi and
9906 sequences for bacteria. After clustering, it is possible to
create OTU-tables and assign taxonomy to the OTUs using
the alignment software BLAST,”® which allows the retrieval of
any number of best hits for each query. BLAST searches were
performed remotely through the NCBI API. The generated se-
quences were deposited in the EMBL Nucleotide Sequence
Database and are available under accession number
PRJEB27806.

2.6. Soil physico-chemical characterization

Soil pH was analyzed by dispersing air-dried soils into water
(solid : water = 1:5 w/w) and determined using an inoLab pH
meter (pH 7310, WTW, Germany) coupled with a pH
electrode (SenTix 41, WITW, Germany). The soil electrical con-
ductivity (EC) was analyzed using a conductivity portable me-
ter (ProfiLine Cond 3110, WTW, Germany). The soil redox po-
tential (Eh) was analyzed using a digital multi-meter (Multi
3420, WTW, Germany) equipped with an IDS electrode
(SenTix ORP 900, WTW, Germany). Soil dissolved organic car-
bon (DOC) was extracted with 0.01 mol L' CaCl, (ref. 40)
and analyzed using a carbon analyzer (TOC-L CPH, SSM-
5000A, Shimadzu, Japan). Key soluble elements like Al, Fe,
Mn, Mg, K, Zn, and Pb were detected in a 0.01 mol L2 Cacl;
extract using inductively-coupled plasma optical emission
spectrometry (ICP-OES, Agilent 730, Agilent Technologies,
USA).
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2.7. Statistical analysis

For microbial diversity analysis, the Shannon-Wiener and
Simpson indices were calculated based on operational taxo-
nomic unit (OTU) information."" Principal component analy-
sis (PCA) of microbial communities in soils from different
treatments was conducted by employing CANOCO 5.0 (Micro-
computer Power, Ithaca, NY, USA). The multiple response
permutation procedure (MRPP)** and permutational multi-
variate analysis of variance (Adonis)*® and similarity
(ANOSIM)*" were conducted based on Bray-Curtis distances
by using the VEGAN package in R." Additionally, two-way
clustering analysis with heat-charts (software “HemI” http://
hemi.biocuckoo.org/) was used to investigate the abundance
change in the identified bacterial and fungal genera in re-
sponse to different treatments. Physico-chemical traits,
microbial diversity indices and concentrations of microbial
biomass (revealed through PLFA analysis), as well as the
abundance of bacterial and fungal genus (Illumina data) in
soils from different treatments, were subjected to two-way
analysis of variance (ANOVA) (to address effects of y-radiation
and nZVI presence), followed by Duncan's test (P < 0.05), via
the statistical package SPSS (Ver 18, IBM, Armonk, NY, USA).
The relationship between physico-chemical characteristics
and soil microbes was studied by canonical correspondence
analysis (CCA) coupled with the Mantel test by using
CANOCO 5.0 (Microcomputer Power, Ithaca, NY, USA). The
bacterial and fungal abundances at the class level, as well as
the physico-chemistry data used for CCA, were transformed
by natural log to make sure that they were in normal distri-
bution, which was tested by using both the quantile-quantile
(Q-Q) plot and Kolmogorov-Smirnov (K-S) test using the sta-
tistical package SPSS (Ver 18, IBM, Armonk, NY, USA).

3. Results and discussion
3.1. Physico-chemical characterization of three nZVI types

All three nZVl (bare, carboxymethyl cellulose (CMC)- and
polyacrylic acid (PAA)- coated) particles have a diameter of
50-100 nm according to TEM analysis, with an average size
of around 60 nm (Table S2;i Fig. 2). The CMC and PAA
coated nZVI show chain-like structures connecting different
particles together, indicating the existence of polymers on
the particle surface (Fig. 2b and c). The three nZVI types have
similar N,-BET specific surface areas (SSA, around 20 m* g ').
Bare and CMC-nZVI have a pH value of around 7.5, while
PAA-nZVI has 11.0 (Table S271), which may be due to the pro-
tonation of the negatively charged acrylic acids from the PAA
coating. The molecule weight (Mw) of CMC is 90 kg mol *,
which is about 50 times that of PAA. All three types of nZVI
particles are negatively charged, as they have zeta potential
values of below zero. In particular, PAA and CMC coating
could form a higher negative charge on the surface to en-
hance electrostatic repulsion between particles and thus en-
hance nZVI stability. As showed in Fig. S4,f the bare nZVI has
no specific peaks indicating organic groups, while CMC and
PAA-nZVI have several peaks representing functional organic
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groups. In particular, the separation of the symmetric and
asymmetric carboxylate positions, defined as Av, can help
identify the mechanisms of polymer adsorption on the nZVI
surface.'®"” For CMC-nZVI, there is an asymmetric COO™ at
around 1559 em ' and a symmetric COO™ at 1328 em !, with
a Av value of 231 em™, indicating that CMC may possibly as-
sociate with nZVI particles via monodentate chelating.*® For
PAA-nZVI, there is an asymmetric COO™ at around 1575 em™
and a symmetric COO™ at 1393 cm ™', producing a Av value of
182 em™', indicating that PAA may associate with nZvI via a
bidentate bridge.” In addition, CMC-nZVI also has a broad
peak at 1727 cm ', representing the free COO~ groups, which
was not observed for PAA-nZVI.

Fig. S51 shows the relative absorbance (ratio of absor-
bance at some time to initial absorbance) at 508 nm for dif-
ferent periods of nZVI exposure. The decrease in absorbance
over time indicates the reduction in the number of particles
in the suspension because of aggregation and sedimentation.
For bare nZVI, the relative absorbance at 508 nm was reduced
by more than 90% within 10 min, indicating fast sedimenta-
tion, which may result from the aggregation of the colloidally
unstable nZVI particles. This is due to the low surface charge
that cannot provide significant electrostatic stabilization to
resist magnetic and van der Waals attractive forces between
nZVI particles.” As the aggregates became larger, the mag-
netic and van der Waals attractive forces between particles in-
creased.”™"” This process was faster than that observed by
Dong et al.,'” which may be caused by a higher Fe content in
the present bare-nZVI particles, resulting in higher aggrega-
tion between nZVI particles. However, when nZVI was coated
with CMC or PAA, the setiling speed decreased significantly
(Fig. 2). The enhanced colloidal stability of nZVI particles via
polymer coating may be due to the reduced magnetic attrac-
tion of particles, as CMC and PAA were reported to be bound
to the Fe nanoparticle surface by polar bonds between car-
boxylate groups, forming a physical barrier and adding nega-
tive charges to the surface.”®*" In addition, the free polyelec-
trolytes from the polymer coatings can also form a bridge
among polyelectrolyte covered nZVI1 particles and thus in-
crease the stability of nZVL.>' Besides, PAA or CMC coating
may also increase the colloidal stability of nZVI via steric and
depletion stabilization.>* Similarly to the findings by Cirtiu
et al.,” although both PAA and CMC could enhance the col-
loidal stability of nZVI, PAA-nZVI was less stable than CMC-
nZVl, as indicated in the sedimentation study (Fig. S51). This
may be due to PAA having a much lower molecule weight
and a less negative zeta potential compared with CMC (Table
S2t), contributing thus to lower electrosteric repulsion be-
tween PAA-nZVI particles.'®%*

3.2. Morphological changes in three nZVI types

No soil minerals were found in the control nylon net (no
nZVI addition) showing that no soil minerals entered the ny-
lon net layer during the incubation (Fig. S37). Therefore, all
the Fe minerals detected in the nylon net layer were products
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Fig. 2 Transmission electron microscopy coupled with selected area electron diffraction (TEM/SAED) results showing fresh nZVI and nZV| aging
products after 56 days of aging in soils. (a), (d} and (g) bare nZVI; (b), (e} and (h) CMC-coated nZVI; (c), (f) and (i) PAA-coated nZVI. (a), (b) and (c)
fresh nZVI particles; (d), (e} and (f) nZVI particles in y-radiated soils (with altered microbial community) after 56 days of aging; (g), (h) and (i) nZVI
particles in non-radiated soils (with original soil microbial community) after 56 days of aging. Note: nZVI, nano zero-valent iron; CMC, carboxy-

methyl cellulose; PAA, polyacrylic acid.

of the aging of nZVI particles in the soil environment. Mor-
phological and phase changes during nZVI aging were stud-
ied via TEM/SAED and SEM (Fig. 2 and S6-597). Fresh nZVI
generally formed spherically shaped nanoparticles with a di-
ameter of about 50-100 nm, which aggregated quickly into
chain structures owing to magnetic interactions.*”™ The dif-
fuse rings observed in the selected areas of the SAED pattern
indicated that fresh nZVI (including bare and CMC- or PAA-
coated nZVI) was poorly ordered and amorphous (although
some indications of magnetite existed). In fact, the spherical
iron (o-Fe) particles were completely covered by a magnetite
shell with a thickness of a few nanometers (Fig. 2a—c). After
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56 days of aging, the size and shape of particles changed sig-
nificantly depending on the nZVI type.

For bare nZVI, the particle diameter increased, as did the
surface area (Fig. 2d and g), indicating oxidation of the parti-
cles. Residual nZVI particles covered by irregular magnetite
particles (above 200 nm) were observed after 56 days of aging
(Fig. 2d and g). Besides, in the non-radiated soil, rod-like par-
ticles formed by goethite nanoparticles ordered in a single-
crystal manner were revealed (Fig. 2g). Moreover, compared
with the magnetite nanoparticles from the y-radiated soil,
which were in a completely random orientation, the nano-
particles in the non-radiated soil had a strongly preferred
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orientation, which was documented by the increased inten-
sity of the 220 diffraction line (Fig. S6ct).

For CMC-nZVI, although some aggregation of particles oc-
curred, the morphological shape of individual particles did
not change significantly during the incubation period, and
most particles remained spherical (Fig. 2b, e, and h). Magne-
tite occurred mainly in the form of a shell on the nZVI parti-
cles. In the SAED patterns and higher magnification images,
increases in the thickness of the magnetite shell and the
magnetite crystallinity were observed in the aged materials
(Fig. 2e and h). Besides, a few larger particles (more than 200
nm) composed of a mixture of nanocrystalline magnetite and
amorphous phases were also found in the aged nZVI particles
(Fig. S7b and ct).

PAA-nZVI showed the biggest morphological and phase
change during the aging. After a 56 day incubation, most of
the nZVI was oxidized to magnetite and goethite
(Fig. 2f and i). Goethite mainly occurred as particles com-
posed of nanocrystals aligned in a single-crystal manner.
Magnetite formed either larger aggregates of nanocrystals
(Fig. 2i and S8cf), resembling the original nZVI, or lath-like
particles about 50 nm in width composed of nanocrystals
(Fig. S8bft). This indicates that PAA coating could accelerate
nZVI aging and promote Fe mineral transformation in the
soil. In addition, SEM analysis showed that more rod-like
minerals (e.g. lepidocrocite, goethite etc.) occurred in the ag-
ing products of PAA-nZVI in the non-radiated soil than in
the y-radiated soil (Fig. S971), indicating the potential effects
of soil microbial community on PAA-nZVI aging.

The CMC and PAA coating influenced nZVI aging differ-
ently, as CMC decreased nZVI aging, while PAA increased
nZVI oxidation. The reason may lie in the different properties
of the PAA and CMC coated nZVI and their ability to resist
the effects of cations (such as Mg**, Ca*', Zn*', Fe*' etc.) on
the stability of nZVL. In the present study, the nZVI particles
were exposed to the soil solutions, which usually contained
high concentrations of these soluble cations that can destroy
the protective PAA-layer surrounding nZVI, due to the ion's
effects on the hydration of the carboxylate groups in PAA,"
resulting in aggregation of the nZVI particles. Besides, these
cations also weaken the repulsion of the electric double layer
(EDL) and thus reduce the mobility of PAA-nZVL.>® As PAA-
nZVI was more dispersed than bare nZVI due to increased
electrostatic, steric and depletion stabilization by PAA, the
interaction area between PAA-nZVI particles and soil solu-
tions was larger compared with bare nZVI. The separated
PAA-nZVI particles in soils become unstable and easily react
with oxidants after the PAA layer is destroyed by cations,
causing even more nZVI oxidation and aging than that in the
case of bare nZVIL. In contrast, for CMC-nZVI, the molecule
weight of CMC is much higher than that of PAA and it has
more vacant COO™ groups (indicated by Fig. S47) that could
complex with cations such as Ca*' and decrease the compres-
sion effects of cations on the EDL, protecting thus the nZVvI
particles from destruction by cations."” Besides, those free
COO groups in CMC coatings could also prevent available
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oxidants in the surrounding media and even act as radical
scavengers for oxidants®® and slow down the oxidation of the
nZVI particles.

3.3. nZVI aging characterization: spectroscopic study

3.3.1. XRD analysis of nZVI aging. The XRD patterns in
Fig. 3 show the mineral phases of fresh and aged nZVI parti-
cles. With increasing time, a fraction of nZVI was oxidized
mainly into magnetite and goethite, as the intensity of peaks
at 26/ = 45° and 65° (represent Fe”) decreased, while that of
peaks at 26 = 30.1°, 35.2°, 43.8°, and 57.0° (represent magne-
tite) increased. Besides, at day 56, small peaks appeared at 20
= 21° and 54.1° (representing goethite). This indicates that
nZVI was oxidized to magnetite and goethite, which was con-
sistent with the results of the TEM/SAED analysis. With the
time going, the percentage of Fe® decreased, while magnetite
increased, and at day 56, even half of the nZVI was trans-
formed into magnetite and goethite (Fig. 3a and d).

However, for CMC-nZVI, most of the nZVI remained in
the form of Fe’ even after 56 days in the soils (Fig. 3b and e),
although with increasing time, a small peak of magnetite and
lepidocrocite appeared. These results indicate that when nZvI
was coated with CMC (ca. 7:1 (w/w)), the nZVI aging de-
creased, and little of the CMC-nZVI was oxidized, which is
different from what Dong et al. (2016)" found. This may be
because the concentration of CMC used in the present study
was higher than that used by Dong et al. (2016)"® and more
efficient for reducing the interactions of oxygen or water with
Fe’.

Different from bare nZVI and CMC-nZVI, PAA-nZVI aged
faster (Fig. 3c and f). The portion of Fe” decreased dramati-
cally and nearly dropped to around 30% after 56 days of ag-
ing in the non-radiated soils. At the same time, the portion
of magnetite increased significantly; up to 40.3% was reached
after 56 days' aging in non-radiated soils. Besides, since day
7 of the aging, goethite was formed, which increased signifi-
cantly afterwards (above 20% at day 56). Besides, a little
amount of lepidocrocite (2.5-8.4%) appeared from day 7. The
PAA-nZVI in the non-radiated soil had more magnetite and
possibly less goethite compared with that in the y-radiated
soil (Fig. 3¢ and f), showing the possible influence of original
soil microbial communities on nZVI aging and
transformation.

3.3.2. ATR-FTIR analysis of nZVI aging. Some Fe mineral
phases that are disordered or amorphous can hardly be iden-
tified by XRD analysis.”” Therefore, ATR-FTIR was conducted
to further confirm nZVI aging products. As shown in Fig. 4a,
Fe  (oxy)hydroxides including magnetite, goethite,
lepidocrocite and hematite had typical peaks at 500-1500
em ', Specifically, magnetite and hematite had peaks at
around 550 cm ', which corresponds to the vibration of Fe-O
bonds. Goethite had significant peaks at 560, 798 and 891
em ', while lepidocrocite had peaks at 741, 1019 and 1145
em ' and we could thus clearly identify possible Fe (oxy)hy-
droxides in the nZVI aging products.
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Fig. 3 X-ray diffraction (XRD) patterns of nZVI and their aging products for different periods. (a) Bare nZVI; (b) CMC-nZVI; (c) PAA-nZVI; (d)-(f)
show the percentage of different Fe species revealed by gquantification of the XRD spectra of the aging products of bare nZVI, CMC-nZVI, and
PAA-nZVI, respectively. Note: Fe%: nZVI; M: magnetite; G: goethite; L: lepidocrocite. R represents y-radiated soil (altered soil microbial community);
NR represents non-radiated soil (with original soil microbial community). nZVI, nano zero-valent iron; CMC, carboxymethyl cellulose; PAA, poly-
acrylic acid.
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Fig. 4 ATR-FTIR spectra of standard Fe (oxy)hydroxides, nZVI and its aging products at different periods. (a) Standard Fe (oxy)hydroxides; (b) bare
nZVl; (c) CMC-nZVI; (d) PAA-nZVI. Note: R represents y-radiated soil (altered soil microbial community); NR represents non-radiated soil (with orig-
inal soil microbial community). nZVI, nano zero-valent iron; CMC, carboxymethyl cellulose; PAA, polyacrylic acid.

In bare nZVI, there was a little peak observable at around
550 cm ', which became clearer after 56 days, indicating the
possible existence of magnetite (and/or hematite) (Fig. 4b).
Besides, peaks at 795 and 890 cm ' increased from day 56,
indicating the possible existence of goethite. When nZVI was
coated by CMC, the FTIR spectra did not change significantly
at day 56, although there were little peaks at around 533,
671, 773 and 890 cm ', representing possible magnetite (and/
or hematite) (Fig. 4c¢). In contrast, for PAA-nZVI, peaks at
795, 890 and 1019 (surface -OH groups on lepidocrocite)
from day 7 indicated that goethite and lepidocrocite were

This journal is © The Royal Society of Chemistry 2019 108

generated (Fig. 4d). Besides, there were also small peaks at
550 em ' in fresh PAA-nZVI particles, indicating possibly
magnetite. It was interesting to find that at day 56, the PAA-
nZVI in non-radiated soils had a peak at 550 cm ', which was
not found in y-radiated soils, indicating more magnetite was
produced in non-radiated soils compared with the y-radiated
soil. This is consistent with the results of XRD analysis,
confirming the microbial effects on PAA-nZVI aging.

3.3.3. Raman analysis of nZVI aging. In complementary
with the above spectroscopic analysis, Raman analysis was
used to further investigate nZVI aging and to identify
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possible poorly crystalline minerals.®® Generally, most of the
nZVI aging products had peaks at 217-220, 394-401, 488-
494, and 588-602 ecm ' (Fig. S107), which were identified as
hematite (possibly also a small amount of magnetite).”” This
is different from the results of the TEM/SAED, XRD and ATR-
FTIR analysis, which showed that most of the aging products
were magnetite. This may be due to the laser-induced ther-
mal heating of the Fe material, causing transformation of Fe
(oxy)hydroxides into hematite.”” Despite this drawback, Ra-
man analysis provides complementary information. In com-
parison with bare nZVI, CMC-nZVI aging products had peaks
at 250, 348, and 531 cm™' after 7 and 56 days of incubation
(Fig. S$101), indicating possibly lepidocrocite.®” A small
amount of lepidocrocite may also exist in PAA-nZVI after 56
days of aging, as a peak was found at 242 em™" after 56 days
of aging in the non-radiated soils (Fig. S10ct). Magnetite was
also detected in the Raman spectra at about 660 em™', which
confirmed the XRD results. It is interesting to note that for
CMC-nZVI and PAA-nZVI, the peaks at 242, 348, and 531
em ' existed in the non-radiated soils rather than in the
v-radiated soils (Fig. S10b and c7), indicating that the original
soil microbial community facilitated lepidocrocite formation
during CMC-/PAA-nZVI aging.

3.3.4. Possible mechanisms of nZVI aging in the soil eco-
system. From the above spectroscopic study (i.e. XRD, ATR-
FTIR, Raman spectroscopy), the main corrosion products of
nZVI in the present soil system were magnetite and goethite,
with a little amount of lepidocrocite, which was partially con-
sistent with previous studies using an aqueous system,'"'%:°?
where magnetite (and/or maghemite) and lepidocrocite were
the main aging products of nZVI particles. The magnetite
(Fe;0,) may result from the reaction of Fe” (nZVI) with soil
pore water. Fe” may firstly be oxidized to Fe*', which then re-
acts with H,O and O, to form Fe;O,(s). The key reaction
forms may include (eqn (1)—(3)):

Fe” + 2H,0 = Fe*' + H, + 20H" (1)
2Fe” + 0, + 2H,0 = 2Fe*" + 40H (2)
6Fe*" + 0, + 6H,0 = 2Fe;0,(s) + 12H' (3)

A small amount of lepidocrocite (y-FeOOH) was identified in
corrosion products of CMC/PAA coated nZVI after more than 7
days’ aging in the soil system (Fig. 3 and 4 and $107), indicating
that more Fe”, Fe*' or Fe,0, were oxidized and precipitated with
time. This is reasonable, as the current microcosm cultivation
system was an open system allowing air (containing ca. 20% viv
0,) exchange. The lepidocrocite (y-FeOOH) may form through
the following reactions (eqn (4)-(6)):

4Fe" + 30, + 2H,0 = 4y-FeOOH (4)
4Fe*" + 0, + 6H,0 = 4y-FeOOH + 8H' (5)
4Fe;0, + 0, + 6H,0 = 12y-FeOOH (6)
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Besides magnetite and lepidocrocite, goethite was also
found to be the aging products of bare nZvVlI and PAA-nZVI
in the present soil ecosystem, which was different from that
in an aqueous system.'®®* This may be due to the complex
physico-chemistry of soil pore water (e.g. pH, CO;*", or Cl7),
which can influence the crystalline structure of Fe (oxy)hy-
droxides (FeOOH)® and favored the formation of goethite (a-
FeOOH) rather than lepidocrocite (y-FeOOH) in the present
situation. It is important to point out that the extent of the
oxidation of nZVI particles after 56 days' aging in the soils
were less than that in previous studies in an aquatic sys-
tem.""'? This may be because the oxygen level and water con-
tent in the undisturbed soil system was lower than those in
studies in an aquatic environment, and the oxygen level con-
trols nZVI significantly.”’ In addition, the soil physical struc-
ture, organic matter, mineralogy and soil microbes may sys-
tematically influence nzvI aging.®

Similar with TEM-SAED results, the various spectroscopic
analyses also confirmed that PAA coating enhanced nZVI oxi-
dation and Fe (oxy)hydroxide formation, while CMC slowed
done nZVI aging. As discussed above, this may result from
the different capabilities of PAA and CMC to resist the effects
of soil cations, which could destroy the protective polymer
surrounding nZVI particles due to the ion's effects on the hy-
dration of the carboxylate groups.”” Both CMC and PAA could
enhance colloidal stability and increase the contact of nZvi
particles with the soil environment, while at the same time,
CMC with a larger molecule weight and more abundant va-
cant COO™ groups (indicated by Fig. S41) compared with PAA
has stronger protective effects against cations’ “attacks™.

Through comparison of nZVI aging in y-radiated and non-
radiated soils with different microbial communities, it is pos-
sible to uncover the effects of soil microbes on nZVvl aging.
Specifically, in the present study the y-radiation treated soil
restrained the oxidation of bare nZVI and PAA-nZVI to mag-
netite and reduced lepidocrocite formation from CMC-nZVI,
indicating the possibility of microbial functions on nZVI ag-
ing in the soil ecosystem.

3.4. Soil microbial composition in relation to nZVI aging

3.4.1. Soil microbial community structure related to nZvi
aging. As revealed by both PLFA and amplicon sequencing
analysis, y-radiation treatment resulted in the development of
alternative bacterial and fungal communities in the soil
(Fig. 5 and Table $37), which is consistent with Brown et al.®®
The Shannon-Wiener and Simpson Indices of bacterial com-
munity diversity (based on Illumina data analysis at the OTU
level) in the non-radiated soil samples surrounding the nZvIl
layer were much higher than those in the y-radiated soils (P
< 0.05), showing the complexity and possible stability of the
original soil microbial community (Fig. S117). This is reason-
able as 20 kGrey y-radiation treatment can usually kill most
bacteria except those with great resistance to y-radiation.*®
However, there is no difference in total bacterial biomass in
the soils between y-radiation and non-radiation treatments as
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indicated by PLFA analysis (Table S31). This may be because
some bacteria with high resistance to y-radiation may develop
fast and enrich the total bacterial biomass. For example, the
amounts of Gram-positive (G') tended to decrease upon
v-radiation, while Gram-negative (G') increased upon
y-radiation (Table S3,;f P < 0.05). Furthermore, PCA at the
phylum, class, genus, and OTU levels on the amplicon se-
quencing results showed that non-radiated and y-radiated
treatments resulted in a substantially different bacterial com-
munity composition (Fig. 5 and S12, Table S4; P < 0.01 for
both bacteria and fungi at phylum, class, genus and OTU
levels based on the three non-parametric multivariate statisti-
cal tests, including ANOSIM, Adonis and MRPP). Although
there was almost no difference in the fungal diversities be-
tween non-radiated and y-radiated soils (except for PAA-nZVI)
(Fig. S117), the fungal community structure in y-radiated soils
was significantly separated from that in non-radiated soils, as
revealed by PCA coupled with ANOSIM analysis (Fig. 5, Table
S47). All of the above indicates that y-radiation was effective
in changing the soil microbial community, and nZVI aging
occurred at soils with a different microbial community struc-
ture, which may at least partially influence nZVI aging.

One additional concern was that y-radiation may directly
change soil physico-chemical traits, which influenced nZVIl
aging irrespective of microbial functions. However, this was
probably not the case in the present experiment as we found
that the y-radiation generally did not change the physico-
chemical characteristics (e.g., no effects on pH, Eh, and DOC,
as well as CaCl,-extractable Al, Fe, Mg, K, Zn, and Pb values)

This journal is © The Royal Society of Chemistry 2019

initially at day 1, except for slightly increased CaCl, extract-
able Mn and EC values (Table S5t). However, after 56 days,
there were significant differences in physico-chemistry be-
tween y-radiated and non-radiated soils (Table S67). This
might partially result from the contrasting microbial commu-
nity (induced by y-radiation) activities occurring during the
56 days of incubation. As indicated by canonical correspon-
dence analysis (CCA) (Fig. S13f), DOC, pH and CaCl,-
extractable Mn interacted intensively with the bacterial com-
munity, while CaCl, extractable Mn, Mg and K dominantly
interacted with the fungal community. The changes of these
key physico-chemical parameters (i.e., pH and DOC) originat-
ing from microbial activities may then influence nZVI aging
as well.*”®® Therefore, the different nZVI aging occuring in
v-radiated soils and non-radiated soils may at least partially
be attributed to the different microbial community activities
and the induced physico-chemical changes.

In return, nZVI occurrence and aging also influenced the
soil microbial community structure. In the y-radiated soils,
the occurrence of nZVI layers caused a substantial shift of
the bacterial community at the genus levels (Fig. 5b, analysis
of similarity (ANOSIM), R = 0.343, P = 0.03). Besides, the fun-
gal community structure was influenced significantly by nZvl
materials in non-radiated soils at the genus level (Fig. 5d;
ANOSIM: R = 0.909, P = 0.002). The regulation of the soil
microbial community by nZVI aging may result from both di-
rect (Fe sources, Fe redox) and indirect (micro-Eh) effects of
nZVL** The selected microbes surrounding nZVI may partici-
pate in nZVI aging through reducing/oxidizing/complexing

110 Environ. Sci. Nano, 2019, 6, 1189-1206 | 1199



Published on 27 February 2019. Downloaded by Charles University on 6/18/2019 3:00:46 PM.

Paper

Fe” or Fe (oxy)hydroxides, or through influencing physico-
chemistry (i.e., pH, DOC, EC).

3.4.2. Microbial taxa interactions with nZVI aging

3.4.2.1. Class level. At the class level, the most abundant
bacteria is Betaproteobacteria, which comprises more than
30% percent in the non-radiated soils, while y radiation in-
creased its abundance to more than 50% (Fig. 6a). The non-
radiated  soil contained more  Alphaproteobacteria,
Actinobacteria, and Solibacteres but less Gammaproteobacteria
and Chitinophagia than the y-radiated soil did (Fig. 6a). The
re-establishment of microbes after y-radiation may be due to
the selection of radiation resistant microbes (based on the
sensitivity of the microbes to the y-radiation) coupled with
niche competition between different microbes.®® Specifically,
Alphaproteobacteria, Actinobacteria, and Solibacteres were
dominant in the original non-radiated soil, but their abun-
dance decreased after y-radiation, while those bacteria like
Betaproteobacteria, Gammaproteobacteria and Chitinophagia
(possibly with high y-resistance) began to develop and occu-
pied the niche. In addition, nZVI presence increased the
abundance of Gammaproteobacteria in soils but decreased
Alphaproteobacteria abundance in the y-radiated soils, indi-
cating their different tolerance to nZVI particles. Further-
more, Alphaproteobacteria and Actinobacteria abundance was
found to be generally consistent with magnetite abundance
(Fig. S14at), indicating that bacterial species that belong to
these two classes may facilitate magnetite formation (proba-
bly those magnetotactic bacteria”™’!). In contrast,
Chitinophagia and Gammaproteobacteria abundance was gen-
erally contrary with magnetite abundance, showing that they
may probably restrain magnetite formation.

For the fungi, the dominant class in both soil samples
was Eurotiomycetes (above 70%) belonging to ascomycetes
(Fig. 6b). The y-radiated soil contained more Dothideomycetes,
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but less Leotiomycetes and Tremellomycetes than the non-
radiated soil did, showing that Dothideomycetes may be more
resistant to y-radiated radiation. In the non-radiated treat-
ment, nZVI presence increased Sordariomycetes, Leotiomycetes
and Tremellomycetes abundance, indicating their high resis-
tance to nZVI particles. Furthermore, the abundance of
Leotiomycetes and Tremellomycetes was consistent with mag-
netite abundance in the nylon layer (except for CMC-nZVI in
non-radiated soil) (Fig. S14b7), showing that their activities
may facilitate nZVI oxidation to magnetite.

3.4.2.2. Genus level. At the genus level, about 30% of
bacteria in the non-radiated soil samples were below the 95%
similarity threshold (data not shown), indicating the com-
plexity of the bacterial community in the indigenous soil
microbial pool. Out of the identified bacteria, several genera
profited from the y-radiation and fulfilled niches left empty
by other bacteria in the soil surrounding the nZVI layers.
These genera comprised Massilia, Shewanella, Leifsonia,
Sediminibacterium, and Phenylobacterium (Fig. 7a). Among
these identified bacterial genera, Shewanella spp. are hetero-
trophic facultative anaerobes well known for Fe(m) reduction
under anaerobic conditions.”"”? The nZzVI layers increased
Shewanella spp. abundance in both the y-radiated and non-
radiated soils (P < 0.05, Duncan test; Fig. 7a; Table S7f), in-
dicating that the nZVI layer may favor the enrichment of
these bacterial species. The induced iron-reducing bacteria
by nZvl were also reported previously.”> This could be
explained by an increased Fe(m) content originating from
nZVI oxidation together with partial consumption of O, near
the nZVvI layers owing to reactions with Fe”. Apart from the
chemical oxidation of Fe’ (reaction with O, or H,0), the mag-
netite formed may also partially result from the functions of
Shewanella spp., which can facilitate biogenic extracellular
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Fig. 6 Bacterial (a) and fungal (b) community composition (lllumina data) at the class level in nZVI-surrounding soils from different treatments.
Note: CK, no nZVI in nylon layers; CMC-nZVI, CMC-coated nZVI in nylon layers; nZVI, bare nZVI in nylon layers; PAA-nZVI, PAA-coated nZVI in ny-
lon layers; R represents y-radiated soil; NR represents non-radiated soil. nZV|, nano zero-valent iron; CMC, carboxymethyl cellulose; PAA, poly-

acrylic acid.
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Fig. 7 Relative genus-level abundance of dominant organisms in the
bacterial (a) and fungal (b) communities in the 2 mm thick soils inti-
mately surrounding the nZVI layer from different treatments after 56
days of incubation. Notes: CK, no nZVIl in nylon layers; CMC-nZVI,
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mineralization or specific biologically controlled mineraliza-
tion.”> However, simultaneously, Shewanella spp. can also
reduce Fe(m) in magnetite and cause dissolution of magne-
tite,”® and this seems to be the case in the present study, as
the Shewanella spp. abundance generally changed contrarily
with the magnetite abundance across different treatments
(except the situation of the CMC-nZVI layer with non-
radiation treatment, Fig. 8a). Although Bacillus spp. were not
the most dominant, some of this genus have also been
reported to have the capacity for Fe(m) reduction.””””® The
abundance of this genus was significantly elevated in the
case of the CMC-nZVI material in both y-radiated and non-
radiated soils (P < 0.05, Duncan test; Fig. 7a; Table S71), in-
dicating that carboxymethyl cellulose could serve as an or-
ganic substrate for these bacteria. In addition, the abundance
of Sediminibacterium spp., a possible iron-oxidizing bacte-

This journal is © The Royal Society of Chemistry 2019
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ria,””"" increased in the y-radiated soils (P < 0.05, Duncan
test). This bacteria may participate in magnetite oxidation
and thus reduce magnetite abundance in nZVI layers in the
y-radiated soils, as indicated by XRD and ATR-FTIR analysis,
which was also confirmed by the fact that the
Sediminibacterium spp. abundance generally changed con-
trarily with magnetite abundance across different treatments
(except the situation of the CMC-nZVI layer with non-
radiation treatment, Fig. 8a). Several other genera including
Sphingomonas, Rhodoplanes, Rhizobium, and Burkholderia
were detected mostly in the non-radiated soil samples,
among which Rhodoplanes spp. and Rhizobium spp. are
reported to be natural fertilizers,”"** and their abundance
was generally consistent with magnetite abundance across
the treatments, indicating that they may facilitate magnetite
formation, which should be due to the functions of their exu-
dates such as siderophores.®

The fungal genus was also related to nZVI aging. Penicillium
spp. a common ascomycetes filamentous genus, was the most
abundant fungi in both the y-radiated and non-radiated soils.
The genus was especially dominant in the y-radiated samples
(Fig. 7b). However, its abundance was substantially suppressed
in the non-radiated samples after exposure to nZVI materials (P
< 0.05, Duncan test; Fig. 7b, Table S81), showing its sensitivity
to nZVI particles (and/or its aging products). The Penicillium
spp. abundance was generally contrasting with magnetite abun-
dance (Fig. 8b), indicating that this fungal genus may be sensi-
tive to magnetite or can restrain magnetite formation. The gen-
era Mortierella spp., Solicoccozyma spp., Chrysosporium spp.,
and Humicola spp. were detected almost solely in the non-
radiated soil (Fig. 7b), indicating they were typical indigenous
fungi in the original soil and sensitive to y radiation. In particu-
lar, the abundances of Mortierella sp., Humicola sp., Pseudo-
gymnoascus spp., and Oidiodendron spp. increased with nzvl
presence in the non-radiated soils (P < 0.05, Duncan test;
Fig. 7b; Table S8t), showing their resistance to oxidative stress
caused by nZVI or their ability to thrive from the nZVI aging
products, e.g., Fe (oxy)hydroxides.* Besides, some fungal genera
such as Humicola sp. may utilize CMC or PAA on the nZV1 sur-
face.”” Interestingly, the abundance of Mortierella spp.,
Solicoccozyma spp., Chrysosporium spp., and Humicola spp. is
consistent with magnetite abundance (except for CMC-nzZvi
with non-radiation treatment) (Fig. 8b), indicating that these in-
digenous fungal species may facilitate magnetite formation dur-
ing nZVI aging, which may be due to their exudates (e.g
siderophores) that can chelate Fe from solid phases,**®” and
thus potentially contribute to Fe transformation during nZVI ag-
ing in the soils.

3.5. Potential effects of nZVI aging on its functions

The aging of nZVI may influence its functions towards
metal(loid) immobilization through changes in surface area,
binding sites, reactivity, etc."® In the present study, the nzvi
particles grow owing to aggregation and transformation, as re-
vealed by TEM/SAED and SEM (Fig. 2 and S6-S97), which may
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Fig. 8 The changes in key bacterial genus (a) and fungal genus (b) abundance (the mean value of three replicates, based on Illumina data) in the
soils surrounding nZV| layers, in comparison with the changes in magnetite abundance (based on the result of quantification analysis of XRD
spectra) in the nZVI aging products, from different treatments. The data used for the figure were standardized to make the value of different data
types at the same level, and the standardized value of magnetite abundance was set to be 2.5 lower than the standardized microbial abundance
value to separate material abundance from microbial abundance. Note: R represents y-radiated soil; NR represents non-radiated scil. nZVI, nano

zero-valent iron; CMC, carboxymethyl cellulose; PAA, polyacrylic acid.

reduce the surface area, thus reducing its capacity for adsorp-
tion. Besides, the oxidation of nZVI may decrease its reducibil-
ity by some toxic metals such as Cr(vi). However, it is essential
to point out that the aging products of nZVvl, e.g., Fe (oxy)hy-
droxides, are also reported to have great potential for removing
toxic pollutants.®* ! In particular, magnetite (and/or goethite),
as the main product of nZVI aging under the soil conditions
of the present study, can still immobilize metal(loid)s effi-
ciently.”® Moreover, microbially mediated biogenic Fe (oxy)hy-
droxides usually had a higher specific surface area and more
complex components (such as organic exudates) that reacted
more efficiently with soil pollutants than the abiogenic nZvIl
aging products did.”*** In addition, the aging of nZVI may
also reduce its toxicity to the microbial (or plant) cells.”” The
present study also revealed that different polymer coatings
may influence nZVI aging differently in the soil ecosystem,
which should be considered during the application of nZVI in
soil remediation. Specifically, CMC coating favors nZVI trans-
port and protects nZVI from quick oxidation and aging, and
thus could be potentially used in the remediation of oxidative
contaminants, e.g., Cr(vi), which needs Fe” as a reducing agent.
However, PAA coating favors the transport and quick oxidation
of nZVI and accelerates the formation of Fe (oxy)hydroxides,
such as magnetite, goethite etc., and thus could be more suit-
able during the stabilization of metal(loid)s, ie., As, Cu, Pb,
Zn etc., in the soils as these metal(loid)s could be readily
adsorbed to Fe (oxy)hydroxides.** %>

4. Conclusions

In summary, this study is among the first to reveal the de-
tailed processes of nZVI aging in the soil ecosystem, which

1202 | Environ. Sci. Nano, 2019, 6, 1189-1206
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were dependent on polymer coatings, and could bilaterally
interact with soil microbial communities. In particular, bare
nZVI aggregated in the soils and was oxidized predominantly
to magnetite. CMC coating decreased nZVI aging, whereas
PAA coating increased it and accelerated magnetite, goethite
and lepidocrocite formation. The studied soils with different
microbial communities (realized by y-radiation) influenced
nZVI aging differently, and original soil microbes favored
magnetite and lepidocrocite formation during the aging of
nZVI coated with polymers (i.e., PAA, CMC). In return, nZvVI
presence influenced both bacterial and fungal diversity and
composition in its surrounding soils. This study has revealed
nZVI aging in the soil ecosystem and its bilateral interaction
with the soil microbial community, giving new insights into
the understanding of nZVI behavior and impacts in the soil
ecosystem. Further study is needed to investigate the mecha-
nisms of nZVI aging in the soil system, as well as key soil
microbes-nZVI (and its aging products) interactions and how
those interactions affect nZVI functions in contaminated soil
remediation. In addition, considering that the aging of nZVI
may differ among different soil types with different physico-
chemical and biological properties, further studies are
needed to address nZVI aging in different soil ecosystems.
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Chapter 20

Nano-Bioremediation: Nanoscale Zero-Valent Iron for Inorganic and
Organic Contamination

Jaroslav Semerad’, Martin Pivokonsky and Tomas Cajthaml

Abstract The present chapter is describing two pilot-scale experiments and showing the
potential of the combined technology (i.e., nanoremediation and bioremediation) for in situ
heavy metal removal and dechlorination of chlorinated solvents. Successful applications of
the nano-bioremediation approach at two different sites in the Czech Republic contaminated
with hexavalent chromium are summarized and evaluated in this chapter. High effectivity of
nZVI and the further microbial bioaugmentation step by whey addition resulted in reduction
and geofixation of hexavalent chromium in both localities. In addition, a high removal of
chlorinated ethenes was observed in the locality 2 after the whey application. The successive
abiotic and biotic processes involving the chemical reduction and further microbial
bioreduction of chromium and dechlorination of chlorinated ethenes were evaluated by
monitoring of physicochemical and biological parameters. The results of both applications of
the combined remediation technology clearly prove feasibility and high efficiency of this
approach for chromium and chlorinated ethenes removal.

Keywords Nano-bioremediation - Bioreduction - Geofixation - Ecotoxicity - Hexavalent
chromium

20.1 INTRODUCTION—TWO FIELD STUDIES

Since zero-valent iron nanoparticles have been invented, the number of published laboratory
studies has reached several hundreds. The outcomes of these studies have proved the
effectiveness of the above-mentioned nanoparticles and their composites for degradation and
elimination of organic and inorganic contamination. In the light of this knowledge, the
number of successful full-scale applications has been increasing for the past 15 years and the
degradation effectivity of nZVI has also been confirmed by in situ applications (Mueller et al.
2012). Recent studies from the contaminated sites where nZVI was applied also reported its
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stimulation effect on selected microbial species and its potential for the combination of
nanoremediation and bioremediation (Némecek et al. 2014, 2015, 2016). This chapter is
summarizing two pilot-scale experiments done in the Czech Republic during which nZVI and
whey as a microbial substrate were successfully applied for geofixation of Cr(VI) and
dechlorination of chlorinated ethenes.

20.2 LOCALITY 1
20.2.1 Sampling and Site Monitoring

The first test site is situated at the Kortan site in the north of the Czech Republic where a
leather processing plant was set up in the past. Up to the 1990s, the factory used potassium
dichromate for leather tanning whence the contamination with Cr(VI) comes. The current
levels of Cr(VI) in groundwater are close to 3 mg/L. The aquifer is surrounded by a mixture
of Quaternary sands and gravels with clayey admixture. The saturated zone of the aquifer is
approximately 5 m thick; the groundwater table fluctuates at 4.5-5.5 m below the surface of
the ground and the flow velocity staggers from 0.2 to 2 m/day. Finally, the groundwater
discharges to a nearby river located approximately 500 m from the site. The physicochemical
parameters of the groundwater reach values of pH 5.4, total organic carbon < 1.5 mg/L, the
total dissolved solids < 0.3 g/L, and a high oxidation-reduction potential (450 to 550 mV).

The site monitoring was carried out by 19 sampling rounds during both phases, whereas
groundwater samples of each round were collected from seven different wells. Before the
pilot test, nine wells were drilled: three nZVI injection wells (PV-209, PV-213, and PV-215),
three downgradient (PV-214, PV-216, PV-217) and one upgradient monitoring well (PV-
212), which served as a reference. Besides the seven main wells, another two downgradient
monitoring wells (PV-201 and PV-210) were sampled for additional analysis. The positions of
the monitoring and the injection wells are displayed in Fig. 20.1.
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Fig. 20.1 Positions of monitoring and injection wells in locality 1 (adapted from Némecek et
al. 2014)

20.2.2 Pilot Application of nZVI and Subsequential Whey Injection

The pilot test at the Kortan site consisted of two phases—abiotic and biotic. In summer 2012,
during the first (abiotic) phase of the pilot test, 120 kg of nZVI (NANOFER 25, NANO
IRON, s.r.0., Czech Republic) in tap water (2 g/L) was applied into three injection wells (PV-
209, PV-213, PV-215). The injection wells were situated in one line with a spacing of 2.8 m
to form the barrier configuration. Nine months after the injection of nZVI, the biotic phase
was set up. During the biotic phase, to support indigenous bacteria, 5 m® of cheese whey was
injected into the wells as the microbial substrate. The substrate was mixed with groundwater
in a volumetric ratio of 1:50 abstracted from the downgradient wells and then injected back
into the upgradient injection wells. Afterward this circulation carried on for 50 days. At the
end of the circulation process, the natural groundwater flow was restored. The whole pilot test
consisting of both the abiotic and the biotic phase lasted approximately 21 months.
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20.2.3 Evolution of Physicochemical Parameters and Concentration of Contaminants

The measurements of physicochemical parameters such as pH and oxidation-reduction
potential (ORP) were carried out directly on the site electrochemically. Other inorganic
parameters were determined after several preparation steps in a laboratory. Additionally, the
evolution in the Cr(VI) concentration dissolved in groundwater is displayed in Fig. 20.2.
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Fig. 20.2 The evolution of chromium contamination (Cr(VI) and Cr(total)) in groundwater
during whole pilot-scale test (adapted from Némecek et al. 2015)

From the results of the thorough site monitoring, it is clear that the immediate decrease of
ORP was closely connected with the nZVI application. The fast decrease of ORP (down to —
484 mV within one day in injection wells and —330 mV in monitoring wells) and the
reduction of dissolved Cr(VI) concentrations to the detection limits in all injection wells and
the two nearest monitoring wells (PV-214 and PV-216) were observed. Additionally, in the
distance of 7 m from the nZVI barrier (PV-217), the effect of the nZVI injection was less
pronounced. The decrease in the concentrations of Cr(VI) was attributed to the reduction of
Cr(VI) to Cr(IIT) by nZVI followed by the geofixation of reduced Cr(IIl) into the soil in the
system of insoluble Fe(IIT)-Cr(IIl)-oxyhydroxides. Therefore an additional step was required,
so the abiotic phase was followed by the biotic phase. After the abiotic phase, which was
started by the injection of nZVI and lasted nine months, whey was applied according to the
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previously described circulation system in order to support the resident microbial species. The
application of the organic substrate resulted in a gradual and substantial grow of bacteria
followed by a further repeated decrease in the Cr(VI) concentrations in all the injection and
the monitoring wells, see Fig. 20.2.

20.2.4 Microbial and Ecotoxicological Assessment of Both Pilot Test Phases

In both studies, Némecek et al. 2014 and 2015, the authors also provided detailed microbial
and ecotoxicological assessment of the whole 21-month period of the pilot test duration.
Using standard approaches such as microbial cultivation tests and inhibition of
bioluminescence of Vibrio fischeri, the authors assessed the possible ecotoxicological impact
of nZVI. The impact on autochthonous microbial population was also monitored by
phospholipid fatty acid analysis (PLFA) and 16S rRNA 454 pyrosequencing. Overall, the
authors did not observe any negative effect on the microbial population in the groundwater
after the nZVI application and even growth stimulation of Gram-positive bacteria was
observed in the soil samples using PLFA.

Notwithstanding the acute toxicity of nZVI detected during the in vitro tests (Semerad et al.
2018), the lack of negative or less pronounced toxic effect during in situ application
corresponds with the findings of several other authors (Semerad and Cajthaml 2016).
Bacterial stimulation was probably caused by the elimination of highly toxic Cr(VI) from the
aquifer and thus by the decrease of overall toxicity during the first abiotic phase. Additionally,
in the second phase, after nine months from nZVI application the microbial growth was
stimulated by the addition of cheese whey and the increase of anaerobic bacteria contributed
to the biotic reduction of residual Cr(VI). The direct or indirect effect of biotic reduction was
clearly long-term and persisted even after ten months from the whey injection even when the
substrate was completely depleted.

20.3 LOCALITY 2
20.3.1 Sampling and Site Monitoring

The second locality is polluted by Cr(VI) and chlorinated ethenes originating from historical
degreasing and chromium coating activities. The initial levels of contamination in the
groundwater reached values from 4.4 to 57 mg/L for Cr(VI) and from 400 to 6,526 pg/L for
the sum of chlorinated ethenes at the beginning of the pilot test. Similarly to locality 1, the
aquifer is situated in Quaternary sands and gravels with silty admixture and is covered by a
layer of clay and clayey loam with a thickness of 5 m. The saturated zone of the aquifer is
approximately 4 m thick and the hydraulic conductivity of the aquifer is 7.6 x 10" m/s. The
groundwater discharges into the neighboring river at the distance of 430 m from the
contaminated site. Physicochemical parameters of the groundwater reached values of pH 6.9—
7.0, total organic carbon < 1.0 to 5.4 mg/L, the total dissolved solids from 0.9 to 1.2 g/L, and
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oxidation-reduction potential ranging from +130 to -490 mV. Samples of the groundwater
were collected during the whole pilot application from seven different monitoring wells
representing two downgradient lines (first line: MV-2, MV-3, MV-4 and the second line: MV-
5, HV-2, HS-1, HS-2) and one upgradient well, which served as a control to provide
background values (MV-1). In addition, well HV-8 contaminated only by chlorinated ethenes
and located cross-gradient from the contamination source was sampled. The detailed
distribution of wells in locality 2 is presented in Fig. 20.3.

Groundwater samples were collected from the monitoring wells and used for further analyses
of various physical, chemical, and inorganic parameters, including microbial populations
using PLFA. In addition, two types of passive samplers were emplaced in each monitoring
well for more detailed evaluation of microbial populations and for solid phase analyses
(oxidation state of Cr via X-ray photoelectron spectroscopy). The last type of sample was the
sediment from five different monitoring wells (HV-8, MV-1, MV-3, MV-4, and MV-j5),
which was collected at the end of the pilot test and used for microbial community analysis.

20.3.2 Application of Combined Nano-Biotechnology

The pilot test in locality 2 included abiotic and biotic phases similarly to the test in locality 1
(Némecek et al. 2016). The abiotic phases consisted of two applications of nZVI at four
months interval and lasted six months and a half. nZVI (NANO IRON, s.r.o., Czech
Republic) was injected in a water suspension using direct push technology. During the first
injection, surface-passivated nZVI (NANOFER STAR) was injected in a concentration of 1
g/L. For the second injection, the author used the same nZVI as in locality 1, i.e., NANOFER
25S in a concentration of 2 g/L. The injection boreholes were located perpendicularly to the
groundwater flow, see Fig. 20.3.

The abiotic phase was followed by a biotic phase, which started approximately two months
and a half after the second injection of nZVI. Cheese whey was used as the substrate owing to
its successful application in locality 1 in order to support microbial populations. Whey was
applied using a circulation system; the substrate was mixed with groundwater from
downgradient monitoring wells (HS-1 and HS-2) and then injected back to the injection wells
(IN-1 A and IN-2 A) at a rate of 0.5-0.7 L/s. During the biotic phase, 8.3 m’ of whey was
applied in total in a dosing ratio of 1/50 (substrate/groundwater). After the application period
(five weeks) the circulation of groundwater continued for nine days and therefore the natural
groundwater flow was reestablished and the locality was monitored for another five months.

20.3.3 Monitoring of Physicochemical Parameters and Levels of Contamination

Similarly to the pilot test in locality 1, the drop in the oxidation-reduction (to —400 mV)
potential was observed after the first injection of nZVI. A less significant decrease in Ej, was
also observed after the second nZVI injection and the substrate application. Finally, the
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oxidation-reduction potential was stabilized at 50 mV and 100 mV in the first and second
monitoring line, respectively. The drop of the Ej supported by the analysis of inorganics
documents the course of reducing conditions in the monitoring wells during the whole
remediation experiment including the biotic phase.

The first injection of nZVI resulted in a decrease of the Cr(VI) concentration (below the
detection limits) in the first monitoring line, but the concentrations started to rebound within
several weeks. After the second injection, the level of chromium contamination reached only
10-15% of the initial concentrations. The reductive effect of nZVI in the second monitoring
line was less pronounced. However, the final Cr(VI) removal was achieved by the second
phase. After addition of the microbial substrate, the concentration of Cr(VI) decreased below
the analytical limits of detection in a very short time and lasted for the whole monitoring
period, even after 188 days from the whey application, shown in Fig. 20.3. In addition, the
laboratory studies showed that the concentration of total chromium in the soil samples
corresponded to the initial concentration of Cr(VI), which documents fixation of Cr(II) in the
soil matrix.

Before application of nZV1 188 days after substrate injection
10.12.2013 9.2.2015
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Fig. 20.3 Distribution of injection and monitoring wells and 2D model of Cr(VI)
contamination of groundwater before and after the pilot test in locality 2 (adapted from
Némecek et al. 2016)

Transformation of chlorinated ethenes by nZVI even after the second injection was not
observed in the monitoring wells. The authors attributed the limited degradation efficiency
during the first phase to the competition with Cr(VI), which is a thermodynamically more
favored reducible compound. However, the addition of the organic substrate resulted in a
rapid decrease of parent trichloroethene (TCE) below the limit of detection together with a
temporal increase and a further decrease of its transformation products—Iess chlorinated and
dechlorinated ethenes. The concentration of parent TCE remained below the detection limit
for the rest of the monitoring period (six months) in the first monitoring line. In the second
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monitoring line, 36-97% removal of chlorinated ethenes was achieved at the end of the pilot
test.

20.3.4 Microbes and Their Role in the Whole Nano-Bioremediation Process

The results of the microbial analysis done by the authors indicate that the degradation of the
pollutants to a level below the toxicity threshold created preferable environmental conditions
for autochthonous microflora in the site. On the basis of the results of gPCR and PLFA, the
injection of the substrate resulted in an increase of microbial biomass including microbial
degraders. Despite the same results obtained from both types of the analyses, the massive
increase (approximately 10> estimated by PLFA) in the biomass was only temporal. After
depletion of the substrate, the biomass expeditiously decreased within two months from the
whey application (see Fig. 20.4). Additionally, a stable reducing condition persisted even after
the complete consumption of the substrate and the simultaneous decrease in microbial
biomass. The possible explanation proposed by the authors is that the persistent reducing
conditions were partially caused by regenerated iron formed by microbial reduction of Fe(III)
to Fe(II) during the application of whey and the increase in biomass. A solid-state analysis of
sample MV-4 (passive samplers) by °’Fe Mossbauer spectroscopy supported this hypothesis.
At the end of the experiment, the results showed that 21% of present Fe is in oxidation state
Fe(II).
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Fig. 20.4 The estimation of biomass via PLFA (adapted from Némecek et al. 2016)

Moreover, microbial community analysis of sediment samples at the end of the pilot test
proved the occurrence of reducing bacterial genera, such as Geobacter and Rhodoferax, which
are able to reduce iron and sulfur during catabolic processes. These reduced forms could have
served as reducing agents in Cr(VI) fixation even after the substrate depletion. The Illumina
sequencing data also showed the presence of halorespiring bacteria, which were possibly
involved in degradation of chlorinated ethenes. In addition, some of the found phylotypes
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could (besides chloroethene respiration) have reduced also the metals (Fe(III) and Cr(VI)).
Another interesting genus found in the sediment samples was Dehalococcoides, which is a
typical representative of chlororespiring bacteria. After the whey circulation period, an
increase in verA gene copies was recorded, which greatly corresponded to an increase in the
detected degradation products of chlorinated ethenes and to a decreasing chlorine number.

20.4 CONCLUSION

The results of the two presented pilot tests clearly demonstrate the potential of nZVI for nano-
bioremediation application of sites with Cr(VI) contamination via geofixation of the metal
into the soil. The decrease in contamination after the nZVI application and the closely
connected improvement of the living conditions for microbial species (e.g., lower toxicity,
ORP) facilitated the implementation of the next bioremediation step. The subsequent injection
of the inexpensive organic substrate caused an increase in the microbial biomass, which was
consequently able to continue with reduction of chromium or transformation of TCE even
after complete oxidation of nZVI. Both studies document the feasibility and high efficiency of
the combination of nanotechnology and biotechnology in remediation of chromium-
contaminated sites with a clearly long-term effect.
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